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Abstract

This work reports on experiments in which antihydrogen atoms have been produced in
cryogenic Penning traps from antiproton and positron plasmas by two different methods
and on experiments that have been carried out subsequently in order to investigate the
antihydrogen atoms.

By the first method antihydrogen atoms have been formed during the process of positron
cooling of antiprotons in so called nested Penning traps and detected via a field ion-
ization method. A linear dependence of the number of detected antihydrogen atoms
on the number of positrons has been found. A measurement of the state distribution
has revealed that the antihydrogen atoms are formed in highly excited states. This
suggests along with the high production rate that the antihydrogen atoms are formed
by three-body recombination processes and subsequent collisional deexcitations. How-
ever current theory cannot yet account for the measured state distribution. Typical
radii of the detected antihydrogen atoms lie in the range between 0.4 ym and 0.15 ym.
The deepest bound antihydrogen atoms have radii below 0.1 ym. Antihydrogen atoms
with that size have chaotic positron orbits so that for the first time antihydrogen atoms
have been detected that cannot be described by the GCA-model. The kinetic energy
of the weakest bound antihydrogen atoms has been measured to about 200 meV, which
corresponds to an antihydrogen velocity of approximately 6200m/s. A simple model
suggests that these atoms are formed from only one deexcitation collision and methods
that might lead to a decrease of the antihydrogen velocity are presented.

By the second method antihydrogen atoms have been synthesized in charge—exchange
processes. Lasers are used to produce a Rydberg cesium beam within the cryogenic
Penning trap that collides with trapped positrons so that Rydberg positronium atoms
are formed via charge-exchange reactions. Due to their charge neutrality the Ryd-
berg positronium atoms are free to leave the positron trapping region. The Rydberg
positronium atoms that collide with nearby stored antiprotons form antihydrogen atoms
in charge-exchange reactions. So far, 14 £+ 4 antihydrogen atoms have been detected
background—free via a field—ionization method.

The antihydrogen atoms produced via the two—step charge—exchange mechanism are ex-
pected to have a temperature of 4.2 K, the temperature of the antiprotons from which
they are formed. A method is proposed by which the antihydrogen temperature can be
determined with an accuracy of better than 1K from a measurement of the time delay
between antihydrogen annihilation events and the laser pulse that initiates the antihy-
drogen production via the production of Rydberg cesium atoms. First experiments have
been carried out during the last days of the 2004 beam time, but the number of detected
antihydrogen annihilations has been too low for a determination of the antihydrogen
temperature.

Trapped antiprotons have been directly exposed to laser light delivered by a Tita-
nium:Sapphire laser in order to investigate if the laser light causes any loss on the



trapped antiprotons. Experiments have shown that no extra loss occurs for laser pow-
ers of less than 590 mW. This is an important result against the background of the
future plan to confine antihydrogen atoms in a combined Penning—lIoffe trap and then
to carry out laser spectroscopy on these atoms, since it reveals that laser light does not
cause an increase of the pressure in the trapping region to the extend that annihilations
with the background gas become noticeable.

The ATRAP Collaboration plans to precisely investigate antihydrogen atoms. The
ultimate goal is to test the CPT—theorem by a high precision measurement of the 15—
2S transition of antihydrogen and a comparison with the precisely known value of the
corresponding transition in hydrogen. This thesis presents the achievement of the first
step towards this challenging goal: the production of cold antihydrogen itself.



Zusammenfassung

In dieser Arbeit werden Experimente beschrieben, in denen die Erzeugung von Anti-
wasserstoffatomen aus in Penning—Fallen gespeicherten Antiproton- und Positronplas-
men mittels zweier unterschiedlicher Erzeugungsmethoden gelungen ist. Dariiberhinaus
werden Experimente vorgestellt, durch die die Eigenschaften der Antiwasserstoffatome
untersucht wurden.

In der ersten Methode werden Antiwasserstoffatome beim Kiihlen von Antiprotonen
durch Positronen in einer sogenannten verschachtelten Penning—Falle hergestellt und
durch Feldionisation nachgewiesen. Ein linearer Zusammenhang zwischen der Anzahl
der detektierten Antiwasserstoffatome und der zur Erzeugung verwendeten Anzahl der
Positronen konnte gemessen werden. Eine Messung der Zustandsverteilung ergab, dass
die Antiwasserstoffatome in hochangeregten Zustanden erzeugt werden. Zusammen mit
der hohen Erzeugungsrate lasst dies den Schluss zu, dass Dreikérperrekombination
mit anschliessenden Positron—Positron Kollisionen, die zu einer weiteren Abregung der
Zusténde fiihren, der verantwortliche Erzeugungsmechanismus ist. Die gegenwirtige
Theorie der Dreikorperrekombination kann allerdings noch nicht die detektierte Zu-
standsverteilung erkliaren. Typische Radien der hergestellten Antiwasserstoffatome lie-
gen zwischen 0.15 um und 0.4 pm. Die am stérksten gebundenen Antiwasserstoffatome
besitzen Radien, die kleiner sind als 0.1 ym. Die Positronenorbits von Atomen dieser
Grosse sind chaotisch. Es wurden also zum ersten Mal Antiwasserstoffatome nachgewie-
sen, die nicht mehr durch das in der Theorie der Dreikoérperstossprozesse oft verwendete
GCA-Modell beschrieben werden koénnen. Die kinetische Energie der am schwachsten
gebundenen Atome ist zu etwa 200 meV gemessen werden. Dies entspricht einer Ge-
schwindigkeit von circa 6200 m/s. Mittels eines einfachen Modells lésst sich schlussfol-
gern, dass diese Atome jeweils nur durch eine einzige abregende Positron—Positron Kol-
lision geformt wurden. Daraus lassen sich Moglichkeiten ableiten, mit denen die Anti-
wasserstoffgeschwindigkeit eventuell verringert werden konnte.

In der zweiten Methode werden Antiwasserstoffatome mittels Ladungsaustauschreaktio-
nen synthetisiert. Laser werden verwendet, um einen Strahl von Rydberg-Céasiumatomen
zu erzeugen, der auf die in der Penning—Falle gespeicherten Positronen gerichtet ist. In
Kollisionen zwischen den Positronen und den Rydberg—Césiumatomen entseht Rydberg—
Positronium. Aufgrund ihrer Ladungsneutralitéit konnen diese die Positronenfalle ver-
lassen. Der Teil der Rydberg—Positroniumatome, der mit der in der Nahe gespeicherten
Antiprotonenwolke kollidiert, kann in einem zweiten Ladungsaustausch Antiwasserstoff
bilden. Dieser Antiwasserstoff wird ebenso wie in der ersten Methode durch Feldionisa-
tion nachgewiesen. Bisher wurden 14 + 4 Antiwasserstoffatome detektiert.

Wir vermuten, dass der durch Ladungsaustausch erzeugte Antiwasserstoff eine Tempe-
ratur von 4.2 K besitzt, weil dies die Temperatur der zu seiner Herstellung verwendeten
Antiprotonen ist. Eine Methode, die auf einer Messung der Zeitverzogerung zwischen
dem Laserpuls, der den Antiwasserstoff-Herstellungsprozess durch die Erzeugung von



Rydberg-Céasiumatomen in Gang setzt und den darauffolgenden Antiwasserstoffanni-
hilation beruht, wird in dieser Arbeit vorgeschlagen und analytisch untersucht. Es zeigt
sich, dass damit die Antiwasserstofftemperatur mit einer Genauigkeit, die besser ist als
1K, bestimmt werden kann. Erste Experimente wurden dazu am Ende der Strahlzeit des
Jahres 2004 durchgefiihrt, aber die Anzahl der gemessenen Antiwasserstoffannihilatio-
nen war zu gering, um damit die Antiwasserstofftemperatur bestimmen zu kénnen.

Um herauszufinden, ob Laserlicht innerhalb der Penning—Falle zu einem erhéhten Anti-
protonenverlust fiithrt, wurden gespeicherte Antiprotonen mit Laserlicht, das von einem
Titan:Saphir Laser erzeugt wurde, bestrahlt. Dabei zeigte sich, dass eine Laserleistung
unter 590 mW nicht zu einem erhéhten Antiprotonenverlust fithrt. Dies ist ein wichtiges
Resultat vor dem Hintergrund, dass die ATRAP Kollaboration plant, Antiwasserstoff in
einer kombinierten Penning—loffe Falle zu speichern, um diesen dann mit Methoden der
hochauflésenden Laserspektroskopie zu untersuchen, denn dies zeigt dass durch das La-
serlicht das Vakuum in der Penningfalle nicht soweit steigt, dass es zu einen zusétzlichen
Verlust durch Annihilationen mit Hintergrundgas kommt.

Die ATRAP Kollaboration plant Antiwasserstoff genau zu untersuchen. Das ultima-
tive Ziel ist ein Test des CPT-Theorems durch eine hochprézise Messung des 1S-2S
Uberganges in Antiwasserstoff, der dann mit dem bekannten Wert des entsprechenden
Uberganges in Wasserstoff verglichen wird. Diese Arbeit beschreibt und diskutiert das
Erreichen des ersten Meilensteins hin zu diesem anspruchsvollen Ziel, die Erzeugung
von Antiwasserstoff.
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Chapter 1

Introduction

Antimatter has fascinated scientists and non—scientists since its existence was predicted
by Dirac [Dir28] in 1928. This prediction and the discoveries of the positron (e*) by
Anderson [And32] and of the antiproton (p) by Chamberlain, Segre, Wiegand, and Yp-
silantis [CSWY55] were one of the greatest successes of relativistic quantum theory and
of 20th century physics. A new milestone in the field of antimatter physics was achieved
in 1995, when the first eleven anti-atoms in form of antihydrogen (H), the bound state
of an antiproton and a positron, were produced at CERN’s Low Energy Antiproton
Ring (LEAR) shortly before its de-commissioning [BBB196]. In a similar experiment
carried out at Fermilab in 1998, 57 antihydrogen atoms were detected [BCGT98]. A
few experiments to investigate the produced antihydrogen atoms have been proposed
and put forward. For an overview, see [EH99] and references therein. However, because
of the low numbers of produced antihydrogen atoms and because these atoms are at
a velocity of about 90% of the speed of light, they are not suited for any further high
precision measurements.

In contrast, the progress made in trapping of antiprotons and positrons (for an overview
see for example [Gab01]) and in trapping and cooling of hydrogen atoms [HKD'87,
vRBJWS88, MDS*88, DSY*91, LWS'93, SWL"93], as well as in the theory of produc-
tion mechanisms [GO91, Fed97, NPWW83, HCJD87, Cha90, HHC98] made it possible
to consider the production of cold antihydrogen atoms that can be confined in a neu-
tral particle trap. Furthermore, the high precision achieved in laser spectroscopy of
cold hydrogen atoms [NHR100, CFK"96] suggests that such techniques could be ap-
plied to antihydrogen to precisely investigate antimatter and to yield new tests for such
fundamental theorems as the CPT-theorem and the weak equivalence principle (WEP).

The CPT—theorem was developed by Liuiders [Liid57], Pauli [Pau55] , Bell [Bel55], and
Jost [Jos65]. CPT means Charge conjugation, Parity conjugation, and Time rever-
sal. After P-violation has been found in the S—decay of polarized nuclei by Wu et
al. [WAHT57] in 1957 and CP-violation has been found in the decay of K—mesons by
Christenson et al. [CCFT64] in 1964, the CPT transformation is considered to be a
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fundamental invariant of nature. However, the CPT—theorem is not on such unshake-
able grounds as, for instance, conservation of energy. Todorov et al. [OT68, ST6S]
have shown that the CPT theorem can be violated when non—finite representations of
the Lorentz group are allowed. Wald [Wal80] pointed out that the curved space—time
required by gravitation could provide an obstacle to the proof of CPT, which required
flat space—time. Additionally, John Bell developed a model field theory in which CPT—
violation occurred through non—locality. Yet another reason to test the CPT—theorem
is that it provides a link between the experimentally observed CP—violation, and the
as yet unobserved T—violation [Kab70]. Moreover, more fundamental theories, such as
string theory, may include spontaneous breaking of the CPT-symmetry [BKR99].

The CPT-theorem requires that particles and their anti-particles have equal masses
and lifetimes, and equal and opposite electric charges and magnetic moments. It also
predicts equal atomic structure and spectra for matter and antimatter atomic systems.
In general, a test of the CPT—theorem would be based on a comparison between a quan-
tity measured with high precision on a particle and on the corresponding antiparticle.
A detailed overview of experimental tests of the CPT—theorem carried out in various
systems can be found in [PDGO00]. The charge to mass ratio of an antiproton and a
proton has been measured to 90 ppt [GKH"99]. This result was combined with spec-
troscopic studies of antiprotonic helium atoms to establish a limit of 5 parts in 107 for a
difference in the inertial masses of protons and antiprotons [YMH'02]. The equality of
the positron and electron magnetic moment was established with an accuracy of 10712
[DSD87], and the difference between the Kaon and Anti—kaon mass was measured with
a relative accuracy of 5 x 10718 [CCCT90, GBB193].

A very stringent test of the CPT-theorem on antihydrogen would be based on a mea-
surement of the absolute frequency of the transition from the 1S ground state to the
metastable 2S state with a similar precision which has already been achieved for hydro-
gen [BKR99]. The absolute frequency of the transition from the 1S ground state to the
metastable 2S state has already been measured in a cold atomic hydrogen beam by Nier-
ing et al. [NHRT00] with an accuracy of 1.8 parts in 10'* and by Cesar et al. [CFK*96] in
a trapped hydrogen cloud with an accuracy of 1.7 x 10~'2. The 1.3 Hz natural linewidth
of this transition could yield an ultimate precision to 107! to 107'® [MHS88]. Another
test of the CPT-theorem would rely upon a high-—precision measurement of the anti-
hydrogen ground state hyperfine splitting [WEH'03], since the hyperfine splitting of
the hydrogen ground states has also been measured with high precision. For a detailed
overview of these experiments, see [Ram90].

The CPT—theorem predicts the equality of the inertial masses of matter and antimatter.
It therefore only predicts how antimatter falls in the gravitational field of an anti-
earth, that is in the same way as matter falls in the gravitational field of the earth.
The WEP is the cornerstone of the General Theory of Relativity and it claims the
equality of gravitational and inertial mass. The gravitational accelerations of a variety
of composite objects of ordinary matter have been shown to be equal with a precision
of one part in 102 in the Eétvos—Dicke experiments [Wil81]. Arguments against a



difference in gravitational acceleration of matter and antimatter have been summarized
and discussed by Nieto and Goldman [NG91] but no quantitative measurement of the
gravitational acceleration has been carried out so far. An experiment to measure the
gravitational acceleration of antiprotons has been proposed and put forward. The
experiment was affected by difficulties of shielding the charged antiprotons against
electromagnetic fields and stopped due to the shutdown of LEAR without results on
antimatter gravity [GN82, DROM92|. Antihydrogen since it is stable and neutral is
much better suited for an antigravity experiment and it would allow direct tests of the
gravitational acceleration of antimatter in the gravitational field of the earth without
any problems associated with electromagnetic interactions [WFH*03, WHO04].

CERN commissioned the Antiproton Decelerator (AD) in 1998 [BEM04]. The ATRAP
Collaboration! [ATR97] started at the AD in the year 2000 with the ultimate goal to test
the CPT—theorem by a high—precision measurement of the 1S-2S transition frequency
in antihydrogen. In order to arrive at that challenging goal, it was then planned to
produce cold antihydrogen atoms, preferentially in the ground state, in a Penning trap
from trapped antiproton and positron plasmas in a first step and in a second step to
confine the cold antihydrogen in an Toffe trap [Pri83].

The simplest way to load antihydrogen into an Ioffe trap would be to synthesize it
from its constituents and thus to superpose the loffe trap to the Penning trap. A
consequence of the cylinder symmetry of Penning traps is the confinement theorem
[O’N80] which prevents the radial diffusion of charged particles from a Penning trap.
The magnetic gradient of the Ioffe trap destroys the cylinder symmetry of the Penning
trap and therefore violates the confinement theorem. Despite this, such a combined
loffe—Penning trap was predicted to be able to confine antiprotons and positrons, at
least in the low particle limit [SYGO1]. Such a combined Penning—Ioffe trap is currently
(Dec. 2004) under construction at the ATRAP Collaboration so that probably the first
attempts to trap antihydrogen atoms will take place in the year 20062. Technically
realizable Toffe traps tend to have a trap depth of less than 1 K [Wal93], which quantifies
the word “cold antihydrogen” to antihydrogen atoms at a temperature below 1 K.

In a third step, the ATRAP Collaborations plans then to work towards a high precision
measurement of the 1S5-2S transition. The inhomogeneous magnetic field of the Ioffe
trap broadens and shifts the antihydrogen spectral lines [HZ93]. It will therefore be
necessary to cool the trapped antihydrogen as much as possible in order to reduce the
spatial extent of the trapped antihydrogen cloud. Antihydrogen can be laser-cooled
with Lyman-a laser light at 121.6 nm to the recoil limit which corresponds to a tem-
perature of about 1 mK [MvdS99]. Laser cooling of trapped hydrogen has already been
demonstrated with a pulsed Lyman-a source [SWL193]. Cooling should be even more
efficient with a CW-Lyman-« source. This source is available since 1999 [EJW99] but
laser cooling of hydrogen has not yet been demonstrated with it.

LA list of the current and former members of the ATRAP Collaboration is given along with their
home institutes in Tab. 1.1 at the end of this chapter.
2The AD shut down in Nov. 2004 and will probably not deliver antiprotons before May 2006.
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For a measurement of the 1S-2S two-—photon transition the approaches used in the
hydrogen measurements can probably not be applied because they were carried out
with a large number of atoms (10'® — 107 atoms per second in a beam [NHR™00],
10" —10' atoms in a trap [CFK 96, CK99]). For the case of antihydrogen the available
number of trapped antihydrogen atoms will probably not exceed a few thousands. A
shelving scheme has been proposed for spectroscopy on antihydrogen where in principle
one trapped antihydrogen atom would be sufficient [HZ93]. This scheme suggests to
excite and observe resonance fluorescence on the Lyman-« transition, while the incident
Lyman-« laser light could simultaneously laser cool the trapped atoms. A 1S-2S two—
photon transition induced with the 243 nm radiation would “shelve” the positron in
the 25 state and disrupt the fluorescence radiation for the lifetime of the metastable 2S
state. A serious problem of this scheme might arise from photoionization of the excited
n = 2 antihydrogen atoms by the VUV laser light. It is thus still an open question if
the suggested scheme can be employed on trapped antihydrogen atoms.

In the year 2002, the ATRAP Collaboration could announce the detection of antihydro-
gen [GBO"02a, GBOT02b] during positron cooling of antiprotons [GET*01] in a nested
Penning trap [GRHKS8] only a few weeks after the competing ATHENA Collaboration
[ATH96, AAB*02]. In order to clarify if the first step, namely the production of cold
and trapable antihydrogen has been realized, we focused subsequently on the investiga-
tion of the production mechanism and have been able to measure the state distribution
[GBO™02b, GSS*05] and the velocity of antihydrogen atoms [GBOT02b]. These mea-
surements reveal that the antihydrogen atoms are formed in highly excited states and
at a velocity too high to be trapped. In 2003, the ATRAP Collaboration demonstrated
the production of antihydrogen by an alternative production method [SSS*04] based
on a Rydberg charge-exchange process [HHC98]. The antihydrogen atoms produced
by this method are expected to have a temperature of about 4.2 K. About 4% of the
atoms, the ones at the lower end of the Maxwell-Boltzmann distribution, have then ki-
netic energies which corresponds to temperatures below 1 K. These atoms should then
be trapable in a 1 K deep trap.

This thesis grew out of my participation in the ATRAP experiments from September
2001 to November 2004. It reports on the progress made towards the realization of
the first major step, namely the production and investigation of cold antihydrogen
atoms and additionally on first laser experiments on trapped antiprotons. Most of the
work presented here is the result of the efforts of many people. As a PhD student
coming from the Max—Planck-Institute of Quantum Optics, I was mainly responsible
for the construction and the maintenance of the various laser systems used so far at
the ATRAP experiment. Additionally, with the “post-doc” Cody Storry and the PhD
student Daniel Comeau, I was building the so called hbar2 Penning trap apparatus.
Hbar2 is the second Penning trap next to hbarl and both traps will be described in
detail in section 2.4.2. Hbar2 is the apparatus in which all experiments with lasers are
carried out. Last but not least, I become responsible for the vacuum system of the lower
beam pipe through which the antiprotons pass before they enter the Penning traps.



Overview of the Thesis

Chapter 2 gives a general overview of the experimental setup of the ATRAP
experiment.

Chapter 3 describes how antiprotons are loaded from the AD and how positrons
are loaded from the radioactive source into the Penning trap apparatus.

Chapter 4 presents the experiments which lead to the production of antihydrogen
atoms by merging antiprotons and positrons in so called nested Penning traps.
It additionally describes the experiments by which the state distribution and the
velocity of the atoms have been measured.

Chapter 5 describes a Titanium:Sapphire laser system and the so called laser elec-
trodes which were designed in order to guide laser light from the Titanium:Sapphire
laser into the inside of the electrode stack. Trapped antiprotons have been exposed
to laser light in order to investigate if laser light induces antiproton losses.

Chapter 6 describes the experiments by which antihydrogen atoms could be pro-
duced by an alternative production scheme, namely via a two-step Rydberg
charge—exchange mechanism.

Chapter 7 presents an experiment by which an attempt has been made to de-
termine the velocity of the antihydrogen atoms produced via a two—step charge—
exchange mechanism as presented in chapter 6.

An outlook is given in Chapter 8.
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Chapter 2

The ATRAP Experiment

This chapter gives a brief description of the ATRAP experiment: A general overview is
given in section 2.1 followed by descriptions of the antiproton decelerator (AD) in section
2.2 and the positrons source in section 2.3. The basic theory of Penning traps is de-
scribed in section 2.4.1 and the basic properties of the actual Penning trap apparatuses
used at the ATRAP experiment are summarized in section 2.4.2. The non—destructive
particle counting techniques are given in section 2.5.1 followed by an overview of the
ATRAP fiber (section 2.5.2.1) and scintillator paddle detectors (section 2.5.2.2).

2.1 Overview

ATRAP is one of four experiments located inside the Antiproton Decelerator (AD) at
CERN. The three other experiments are ATHENA [ATH96], ASACUSA [ASA97] and
pbar medical (ACE) [MHO03]. A drawing of the AD-ring along with the location of
the four experiments is depicted in Fig.2.1. As indicated, the ATRAP experiment is
located on a platform three meters above the ground of the AD hall. The ATRAP
experiment has two experimental zones, however only zone I is in usage up to now. The
zone is well shielded by concrete walls to provide sufficient radiation protection, and
it is not accessible when an experiment is carried out. The electronic devices used to
steer and control the experiment are installed in the left Faraday cage, whereas all the
laser and optical equipment are housed in the laser cabin.

A side view of zone I is given in Fig.2.2. Central to the experimental zone is the
superconducting magnet which houses the Penning trap apparatus and provides a ho-
mogeneous magnetic field of about 5.3 T inside its bore at the location of the actual
Penning trap electrodes. This magnet houses the fiber detector, and the BGO detec-
tor and in addition, outer scintillator paddles are mounted to its outside as shown in
Fig.2.2.
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The figure also indicates that antiprotons delivered by the AD pass several bending mag-
nets and enter the zone from below in a vertical direction. A Parallel Plate Avalanche
Counter (PPAC) and an energy tuning cell are situated in the antiproton beam line in
front of the actual Penning trap which allow to control and steer and energy tune the
antiproton beam. This will be described further in sections 3.3.1 and 3.3.2.

2.2 The Antiproton Decelerator (AD)

In this section, a brief overview of the AD is presented. More details can be found in
[EH99, BEMO04]. The AD is the successor of CERN’s Low Energy Antiproton Ring
(LEAR) and is currently the only low-energy antiproton source worldwide. Commis-
sioning of the AD started in Fall 1998 and the experiments started taking antiproton
beam in July 2000. Since then, it has delivered antiprotons to the four experiments
non-stop from Mondays to Fridays in the period from the end of May until the begin-
ning of November. The ATHENA, ATRAP, ASACUSA Collaborations share the beam
in eight hour shifts, while pbar medical has taken a few days of beam during the 2003
and 2004 beam run.

The AD is a synchrotron operating in the reversed mode. It delivers 80 ns long bunches
of about 3 x 107 antiprotons with an energy of 5.3 MeV every 86s [BEMO04]. For the
production of antiprotons, a proton beam with a momentum of 26 GeV/c and an in-
tensity of 101 s~ delivered from CERN’s proton synchrotron (PS) is extracted onto an
iridium target located underground just outside the AD hall from which antiprotons at
a momentum of 3.5 GeV/c are separated. These antiprotons are injected into the AD
via the beam line as depicted in Fig.2.1. Stochastic cooling [MPTvdMS80] is used to
reduce the spatial emittance and the momentum spread of the bunches at the 3.5 GeV/c
stage. The bunches are then decelerated to 2 GeV/c, where stochastic cooling is em-
ployed again. Electron cooling [EH99] is used after subsequent deceleration steps to
300 MeV/c and 100 MeV /¢, which corresponds to an energy of 5.3 MeV.

2.3 The Positron Source

The radioactive isotope which we use as a source of positrons is ?2Na. This isotope
has a half life of 2.6 years and 90 % of all decays produce positrons. The positrons are
emitted with an energy ranging from zero to 546 keV. In August 2002, the source had an
activity of 70mCi [Bow]. The actual radioactive source is contained inside a tungsten
capsule mounted on the bottom of a rod which is 19 cm long and 1.54 cm in diameter.
The rod is made out of Elkonite (90 % tungsten, 10 % copper) that absorbs radiation.
Due to the strength of the source, it must be stored in the so called block house, a lead
enclosure that is located above the Penning trap as depicted in Fig. 2.2. The rod is fixed
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antiprotons injected into the AD

above the floor
of the AD Hall

laser cabin

Figure 2.1: The AD ring is depicted along with the locations of the ATHENA, pbar
medical, ASACUSA, and ATRAP experiment. The ATRAP experiment is located on
a platform three meters above the floor of the AD hall. ATRAP has two experimental
zones, however only zone I is used up to now. The Faraday cage houses all the electronic
devices required for the steering and control of the experiments. All lasers and other
optical equipment are placed inside the laser cabin from which an optical path to zone
I exists. The laser cabin is also a Faraday cage. The antiprotons enter the AD ring
via the left beam line with a momentum of 3.5 GeV/c and after completion of several
deceleration stages about 3 x 107 antiprotons are delivered in a 80ns long bunch every
86s to the experiments with a momentum of 100 MeV /¢, corresponding to an energy

of 5.3 MeV.
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by a polypropylene line and can be lowered down remotely into the superconducting
solenoid so that the positron emitter sits directly in front of the Penning trap.

2.4 The Penning Trap

Penning traps are devices for trapping charged particles. They have been invented
by Hans Dehmelt and have found many applications in various fields of physics, for
example for high precision measurements of the charge to mass ratio of charged particles
[GKH*99] or in plasma physics [BW84, KD01, DAD*01, HADO0]. They are also used
by the ATRAP Collaboration for the confinement of antiprotons and positrons and
will therefore be described in the following. In section 2.4.1 an overview of the general
properties of Penning traps is given whereas in section 2.4.2, the Penning traps used by
the ATRAP Collaboration are described.

2.4.1 Penning Trap Theory

In this section, a brief summary of the most relevant properties of Penning traps is
presented. A thorough review of Penning trap theory can be found in [BG86].

In a theoretical treatment, usually the case of an ideal Penning trap is discussed. For
an ideal Penning trap, the field configuration consists of a static electric field E = —VV
which is derived from a quadrupole potential of the form

2
2?2 -

V=1L, (2.1)

where Vj is an electric potential, d is a characteristic dimension of the trap, z is the
axial coordinate, and p = /a2 + y? is the radial coordinate perpendicular to z. The
electric potential is superimposed to a static homogeneous magnetic field B given by

B = Bz, (2.2)

where By is the magnitude and Z is the unit vector along the z—axis.

A way to generate the quadrupole potential given in Eq.2.1 is by placing (ideal) elec-
trodes along equipotentials of V. Three electrodes are required as shown in Fig. 2.3a.
Two endcap electrodes along the two branches of the hyperboles of revolution 22 =
22 4+ p* and one ring electrode along the hyperbola of revolution 2% = (p? — p2)/2. The
constants zp and py are the minimal axial and radial distances to the electrodes and d is
given by d* = (22 + p?)/2 so that Vj is the potential difference between the endcap and
the ring electrode. Another way to produce the quadrupole potential given in Eq.2.1
is the so-called open—access [GHR89] or Malmberg—Penning trap [Dub99], a trap con-
figuration which is also employed by ATRAP. This type of trap consists as depicted
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-12- The ATRAP Experiment

Figure 2.3: Two configurations of the Penning trap electrodes are depicted. In part
a), the electrodes are hyperboles of revolution. In part b), the electrodes consist of
cylindrical rings.

schematically in Fig. 2.3 of cylindrical electrodes with a symmetry axis which is aligned
along the direction of the magnetic field. In order to obtain a quadrupole potential in-
side the electrodes, the geometry and the potentials applied to the individual electrodes
have to be chosen carefully and a concrete example will be given in the next section. A
detailed theoretical treatment how to design the electrodes and the potentials can be
found in [Est02, Yes01].

The motion of a particle of charge e and mass m in the electric and magnetic field of
an ideal Penning trap is described by [Jac98]

mX = —eVV 4 ex x B. (2.3)

which yields for x = (z,y, z) and B = (0,0, By) the following set of differential equations

. eV .

b=t + wey (2.4)
. eV .

i=5 Y~ w (2.5)
. eVo

z = —WZ. (26)

Here, w, = % has been employed. w, is the cyclotron frequency of a charged particle
orbiting in a circular orbit in the plane perpendicular to the magnetic field.

As can be seen from Eq.2.4-Eq. 2.6, the motion along the z—axis decouples from the
motion in the xy—plane. The motion along the z—axis is according to Eq. 2.6 independent
of the magnetic field and is a harmonic motion with an axial angular frequency given

by [BG86]

eVt
w, = ,/m—d(;. (2.7)
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cyclotron
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Figure 2.4: The orbit of a charged particle in a Penning trap. The motion is a super-
position of the axial motion, the cyclotron motion, and the magnetron motion.

Confinement of a charged particles requires therefore eV, > 0 and thus a quadrupole
potential which is confining for protons and positrons is anti-confining for antiprotons
and electrons.

The two coupled differential equations given in Eq.2.4 and in Eq.2.5 can be solved
with the Ansatz = + iy = aexp (iwyt) + bexpi(w_t) yielding the modified cyclotron
frequency [BG86]

1
Wi =3 (wc + w? — 2w§> : (2.8)

and the magnetron frequency [BG86]

w_ = % (wc - \/m> : (2.9)

For wy to be real, w, > /2w, has to hold. Under the usual operating conditions [BG&G),
we > w, and thus

We R Wy > w, > w_. (2.10)

The motion in the xy—plane can be understood as a superposition of the fast cyclotron
motion and a slow E x B drift (magnetron) motion caused by the crossed electric
and magnetic fields. Superposed to the motion in the xy—plane is the axial motion.
The three particle motions are illustrated in Fig.2.4. Typical frequencies are given in
Tab.2.1. All motions are well separated in frequency, and both the cyclotron and axial
frequencies are because of the different masses quite different for electrons/positrons
and protons/antiprotons.

The presented results are only strictly valid for the case of an ideal Penning trap, that
is for the case of an electric potential of the form given by Eq.2.1. It has however to be
pointed out that the confining potential needs not to be strictly a quadrupole potential.
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frequency electrons/positrons protons/antiprotons

W4 2m x 150 GHz 21 x 82 MHz
W, 21 x 30 MHz 27 x 1.6 MHz
w_ 21 x 3kHz 21 x 15.4kHz

Table 2.1: Typical frequencies of an electron or proton in a Penning trap with B = 5.3T
and Vo =15V.

A potential well which provides an axially restoring force is sufficient for confinement of
particles. In practice, we usually verify experimentally, if a chosen potential structure
yields to a stable confinement of particles.

The difference in the cyclotron frequency between protons/antiprotons and electrons/positrons
is of particular interest. The electric and magnetic fields cause an acceleration and as

a response the charge radiates electromagnetic waves so that the motion of the charged
particle is damped. The power radiated is proportional to the square of the frequency
[Jac98]. The frequencies of all proton/antiproton motions are in the radio frequency
range, therefore radiative damping is negligible. This is also the case for the axial and

the magnetron motion of an electron or positron. However radiative decay is the domi-

nant decay mechanism for the electron or positron cyclotron motion and the cyclotron
damping constant is given by

1/2 3/2 2 2

€0 Mo €W
= —F%, 2.11
7 3m™m ( )

The equation has been taken from [BG86] and converted to the SI-system. €, denotes
the permittivity of the vacuum and o denotes the permeability of the vacuum. 7, is
about 0.3s™! for an electron or positron at a cyclotron frequency of w./2m = 150 GHz.
Since the electrodes are cooled to liquid helium temperature, electrons and positrons
inside the trap thermalize by radiative decay of the cyclotron motion to the environment.
Due to trap imperfections caused for example by a non-quadrupole electric potential the
cyclotron motion also couples to the other motions. Therefore, the radiative decay of
the cyclotron motion provides an effective cooling mechanism that keeps the electrons
and positrons at an average energy of about 4.2 K. This property is especially important
for loading antiprotons from the AD into the Penning trap as described in section 3.3
and in [GBO102¢] and also for positron cooling of antiprotons which is described in

[GET+01].

2.4.2 The Penning Traps at ATRAP

At ATRAP, two similar Penning trap apparatuses referred to as hbarl and hbar2 are
currently in operation. Hbarl is in operation since summer 2000 and hbar2 was assem-
bled during spring 2002 and it is in operation since September 2002. In this section,
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Figure 2.5: Side view of the cryogenic Penning trap apparatus sitting in the super-
conduction solenoid. The apparatus is lowered into and pulled out of the bore from
above. The fiber detector and the BGO detector are inserted from below and the photo
multipliers (PM) are attached to the detectors at the outside.
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both Penning trap apparatuses will be described briefly. Other, more detailed descrip-
tions of the hbarl apparatus can be found in [YesO1, Est02, Oxl03]. Both devices are
very similar in the design, except some extra features have been implemented in hbar2.
It has been built not only as a replacement of hbarl but also in order to carry out
initial laser experiments on antiprotons and antihydrogen which are described in de-
tail in section 5 and in order to produce and investigate antihydrogen from a two—step
charge-exchange process as described in chapters 6 and 7.

A sectional view of the Penning trap apparatus as it resides in the 10 cm bore of the
superconducting solenoid which provides a homogeneous magnetic field of about 5.3 T
is depicted in Fig.2.5. The very top part of the Penning trap apparatus is referred to
as the hat. It is a stainless steel structure with a pump port by which the magnetic
bore can be evacuated and which contains more than 100 room temperature vacuum
feedthroughs for the electronic lines used to control the Penning trap. The components
below are mounted to the hat so that the whole Penning trap apparatus can be lowered
into and pulled out of the magnet’s bore from above. Once installed in the bore, the
hat resides on the top plate of the solenoid and an o-ring seal between the hat and
the top plate isolates the magnetic bore from the surrounding. The magnetic bore is
evacuated to a pressure of less than 107% bar via a pump port at the hat.

The four liter liquid helium dewar is made out of OFHC—copper and is mounted to
the hat from below via a G-10 support structure, which is called isolation stage. This
structure provides a good thermal isolation between the dewar and the hat because the
thermal conductivity of G-10 is very low. Due to this low thermal conductivity, the
low pressure in the bore and because the wall of the bore resides at 77 K, the dewar and
the parts below are thermally well shielded. The liquid helium dewar is thermally well
connected by a 13cm long three-legged structure made out of OFHC—copper called
tripod to the pinbase, which is also machined out of OFHC—copper.

As depicted in Fig. 2.6, the pinbase and the adjacent titanium trap can form a sepa-
rate vacuum container which houses the actual Penning trap electrodes. The pinbase
contains cryogenic electric feedthroughs which are connected by constantan wires with
the feedthroughs at the hat. On the opposite side, each feedthrough is connected via
gold plated copper straps to an electrode. Before installing the apparatus into the
magnet’s bore, this vacuum container is evacuated to a pressure of about 107¢ mbar
and then hermetically sealed by a pinch-off. Once installed and cooled by the liquid
helium reservoir to 4.2 K, cryopumping takes place and the vacuum inside the trap can
drops below 5 x 107! torr. This pressure has been derived from a measurement of
the lifetime of trapped antiprotons (> 3.2 months) in a similar Penning trap apparatus
[GFO'90]. The antiprotons enter the trapping region by a 10 ym titanium window from
below while the positrons enter also through a 10 gm titanium window located at the
center of the pinbase from above. The block house is connected to the hat by a vacuum
tubing and the positron source is lowered during positron loading through the hat, the
isolation stage and the dewar directly in front of this window. The actual electrode
structures of hbarl and hbar2 are depicted in Fig.2.7a and b, respectively. The hbarl
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The ATRAP Experiment

-18-

UpP

Etrap

UPHV
U3

U2

Ul

Us
UB
CS

TMOD
Xtrap
BV1
BV2
BV3
T2
T3
T4
TH
T6
T7

P1
P2
P3
P4
P5
P6

W A g e L et AL LR L T A D L T

T W T W W Wy Ry W . EFFFEEEIE:D%

\\\\\\\\ Py T | e g A g i iy iy A L LD L L i ) iy Gy

(b)

Figure 2.7: a) Electrode stack of hbarl and b) electrode stack of hbar2. The inner
diameter the electrodes is 12 mm which can be used as a scale for the two graphs.

DEG



2.4 The Penning Trap -19-

Penning trap consists of 33 cylindrical electrodes and the hbar2 Penning trap consists
of 36 cylindrical electrodes. All electrodes are machined out of OFHC copper and their
surfaces are gold plated. Macor spacer rings with a height of 0.18 mm electrically isolate
the electrodes from each other. The inner diameter of most electrodes is 12mm. Only
in the hbarl Penning trap BV1 and BV3 have an inner diameter of 8mm and BV2 of
6 mm. The height of the electrodes P1-P6, XET, XEB, T1-T8, EET, RL, PEB, Bl
and B2 is 10 mm while the height of the electrodes U3-L3 is 5mm. The electrodes
P1-XEB in the hbarl Penning trap and P1-P6 in the hbar2 Penning trap are referred
to as upper electrode stack. These electrodes are used for positron loading. The Xtrap
electrode is an especially designed electrode in which the number of positrons can be
determined as described in section 2.5.1. The electrodes UPHV-TBE in the hbarl and
hbar2 Penning trap apparatus are referred to as lower electrode stack and these elec-
trodes are used for antiproton accumulation and for the production of antihydrogen.
The electrodes Etrap and Ptrap are designed in the same way as Xtrap and are used for
counting positrons and electrons. The electrodes U3-L3 of the hbar2 electrode stack
are especially designed for the experiment described in chapter 6 in which antihydro-
gen is produced via a charge exchange process. Around the CS electrode, as indicated
by the two rectangles, a setup for the production and detection of a Rydberg cesium
beam is mounted which is further described in chapter 6. The UPHV electrode and
the Degrader (DEG) can accommodate high voltages of about 3kV which are used for
antiproton trapping as will be discussed in detail in section 3.3.3.

The inner electrode (BV2) of the ball valve is a rotatable ball which allows to open
and close a path between the upper and the lower electrode stacks. Many turns of
copper wire are wound around and glued onto the ball. A current through the wire
causes a torque on the ball due to the presence of the homogenous magnetic field.
Depending on the direction of the current flow, the ball valve opens or shuts. The ball
valve is always in the closed position except when positrons which are accumulated in
the upper electrode stack are transferred to the bottom electrode stack. A closed ball
valve prevents that high energy antiprotons coming from the AD strike the TMOD
crystal, which is mounted to the very top of the electrode stack. The TMOD crystal
and the RMOD crystal (mounted to the ball valve pointing into the upper electrode
stack when it is shut) consist of tungsten and both are required for positron loading.
The fast antiprotons can remove adsorbed gas cryopumped onto the crystal surface and
therefore stop the positron loading technique to work [GHR™99]. The positron loading
technique employed at ATRAP will be described in section 3.1.

2.4.3 Integration of Optical Fibers in the Hbar2 Penning Trap
Apparatus

As mentioned in the previous section, some extra features have been implemented in
hbar2 in order to carry out the experiments described in the chapters 5, 6, and 7.
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The experiments require the availability of laser light in the range between 511 nm and
850 nm in the Penning trap region. In both cases, the laser light is delivered via optical
fibers with specifications given below to the Penning trap region. In order to integrate
the optical fibers into the Penning trap apparatus, vacuum feedthroughs at the hat of
the Penning trap and cryogenic feedthroughs at the pinbase had to be developed and
their design is described in this section.

For the experiments described in chapter 6 and 7, we have used an OFS [OFS] all
silica low OH multimode fiber with product number CFO1493-54, with a numerical
aperture of 0.22, and a loss of 10-20dB/km for wavelengths between 500 and 900 nm.
The core diameter is 940 £ 15um, the cladding diameter is 1000 4= 15um, the coating
diameter is 1035 4 15um, and the buffer diameter is 1400 + 50pm [OFS]. This type of
fiber is referred to in the following as type I. For the experiment described in section 5,
basically the same type of fiber is used but with a smaller core. The product number
of the fiber is CFO1493-42. It has a numerical aperture of 0.22, a loss of 10-20 dB/km
for wavelengths between 500 nm and 900nm. The core diameter is 365 + 10um, the
cladding diameter is 400 = 10um, the coating diameter is 430+ 5 — 10pum, and the buffer
diameter is 1400+ 50um [OFS]. This type of fiber is referred to in the following as type
II. For each, type I and type II, one fiber runs from the laser cabin to the experimental
zone 1. Two fibers of type I and two fibers of type II are installed in the Penning trap
apparatus. An installed fiber is connected to a fiber of the same type coming from the
laser cabin by use of a fiber to fiber coupler.

Four fiber feedthroughs are therefore installed at the hat of the Penning trap apparatus.
The design is identical for type I and type II fibers. A fiber feedthrough is shown in
Fig.2.8. It consists of an aluminum cylinder with a height of 25 mm and a diameter
of 9.5mm. An o-ring with an inner diameter of 1.5 mm and a brass screw (M4x20)
is bolted into the cylinder from one side. The fibers is strung through a hole with
a diameter of 1.5mm which is drilled through the center axis of the screw and the
cylinder. When the brass screw is tightened the o-ring is pressed against the cylinder
and the fiber and thus forms a vacuum seal. The cylinder fits gently into a commercial
quick—flange which is welded into the hat.

The fibers run from the hat through the isolation stage and the liquid helium dewar to
the pinbase where the four fibers are feed through two cryogenic feedthroughs into the
trap can. A cryogenic feedthrough for two fibers is depicted in Fig.2.9. It is machined
out of OFHC copper and consists of a copper flange with two conically shaped tubes
(inner diameter 1.1 mm) through each of which a fiber is strung. The fibers are glued
(Emerson Cumming, Stycast 2850F T, Catalyst 24LV) to the top of the tubing and the
glue acts as a vacuum seal. Before the fibers were installed, the buffer layer has been
removed in the part below the vacuum seal because otherwise a small leak between
the coating and the buffer would destroy the UHV of the trap can. The flange of the
feedthrough fits into a home-made flange which is welded into the pinbase. An indium
seal is placed between the feedthrough and the flange in order to preserve the good
vacuum of the trap can.
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The type I fiber is then connected with the cesium excitation region which will be
further described in chapter 6, while the end of the type II is connected with holes in
electrodes T4 and T7 so that the particles can be exposed directly to laser light which
is further described in chapter 5.

2.5 Particle Detection

The question now arises how trapped particles are detected. At ATRAP, positrons
and electrons are detected non—destructively by a radio frequency detection technique,
which is described in section 2.5.1. In contrast antiprotons are detected destructively by
releasing them from the Penning trap and by counting the annihilations monitored by
the detector system. The detector system and detection method is described in section
2.5.2.

2.5.1 Non-—Destructive Particle Detection

At the ATRAP experiment, electrons and positrons are detected non—destructively
by a radio frequency detection technique, which is described in this section. Addi-
tional information on non-destructive detection of charged particles can also be found
in [BG86, Hal99, Yes01, Est02, Bow03, Oxl103].

It has been derived in section 2.4.1, that the axial motion of a particle in an ideal
Penning trap is a harmonic oscillation, which is as given in Tab.2.1 for the case of
electrons and positrons in the radio frequency range. The hbarl and hbar2 apparatuses
contain several sets of electrodes, e.g. Etrap in hbarl and XTrap in hbar2, which are
used to produce a quadratic potential variation along the z—axis. Such sets consist of a
ring electrode (1.75mm long) in between two compensation electrodes (4.75 mm long).
An endcap electrode (10.08 mm long) next to each compensation electrode completes
the set. XET and XEB are for example the endcap electrodes to Xtrap in the upper
electrode stack of hbarl. The electrode sets have been designed so that if 1} is applied
to the ring electrode and 0.881V} to the two compensation electrodes, and zero volts to
the endcaps, then the electric potential along the z—axis is harmonic and the particles
oscillate in the axial direction with an angular frequency [Ox103]

, CeVy
md>?

. (2.12)

Here C is a geometry—dependent factor, which is C' = 0.545 in the case of hbarl and
hbar2, d is a characteristic trap dimension that is d = 5.1 mm for both traps, and e and
m are the particle’s charge and mass.
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A cross sectional view of such a set of electrodes is given in Fig.2.10a. As depicted
schematically, a RLC—circuit connects the ring electrode with one compensation elec-
trode. The signal voltage, V,,; modulates the gate of a cryogenic FET, located above
the pinbase. The gate signal of the FET is amplified and measured with a spectrum
analyzer. Without any particles present in the trap, the frequency spectrum is simply
given by the spectral response of the circuit that is driven by the thermal noise Viperm
in the resistor r (the resistor is at 4.2 K). The power distribution P(w) of the resulting
noise driven signal is given in the top part of Fig2.10b. It is a Lorentzian with a peak
at the resonance frequency wr¢ of the circuit.

An axially oscillating positron or electron plasma induces alternating image charges in
the electrodes which in turn cause an oscillating current I to flow through the resistor
r. The image charges due to oscillating particles couple the particle oscillation to the
tuned circuit oscillator. The result is a pair of coupled oscillators with two different
mode frequencies w; o which are given in the limit of large clouds (> 500000 particles)

by [Hal99]

1
W1,2 :chi 5\/’7]\], (213)

where 7 is a characteristic constant of the trap and N is the number of particles in the
plasma. In the bottom part of Fig. 2.10b the spectral response of three million positrons
measured by a spectrum analyzer is depicted. The frequency spacing Aw of the two
peaks is according to Eq.2.13 given by Aw = w; — wy = /YN and thus from Aw the
number of particles can be determined, if v is known. This constant is calibrated from
time to time by a measurement of the particle number N via a destructive detection
technique which is as follows. Trapped positrons or electrons are dumped onto the
degrader (DEG), where the current due to the particles is measured with a charge
sensitive amplifier. Integration of the voltage trace and knowledge of the amplifier
sensitivity yields the total charge and thus, particle number, so that by a comparison
with the measured spectrum v can be determined.

Generally, all numbers of positrons and electrons given in this thesis have been measured
by this non—destructive detection method. The error in the determination of the number
of particles is because of uncertainties in the calibration about 20 %.

2.5.2 Destructive Particle Detection and the Detector System

In contrast to positrons and electrons, antiprotons are detected destructively. The
electric trapping potential is ramped down quickly so that the antiprotons leave the trap
and finally annihilate at the surface of an electrode or at the degrader. In antiproton—
proton annihilation events, 3.0 £ 0.2 charged pions are produced on average [Ams98].
Two detectors, the fiber detector described in section 2.5.2.1 and the outer scintillator
paddles described in section 2.5.2.2, are available to detect the charged pions. The
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signals of both detectors is used to trigger the data acquisition, which is described in
section 2.5.2.3. The detectors have been designed and built and are maintained by
the Jiilich group and very detailed information can be found in [Yes01, Est02, Bow03,
Ox103], so that the overview presented here will be rather short.

2.5.2.1 The Fiber Detector

The fiber detector consists of three layers of 128 scintillating fibers, with one layer of
straight fibers (fiber diameter 1.9 mm) and two layers bent in a helix by 150° around
the axis (fiber diameter 1.5mm). The location of the fiber detector in the supercon-
ducting magnet is depicted schematically in Fig.2.2. It resides in the magnet’s bore
and surrounds the bottom part of the electrode stack. A more detailed top view and a
side view of the location of the detector is depicted in Fig.2.11a and b. In this figure,
the location of the BGO detector is also shown. This detector has not been used for the
work presented in this thesis and is therefore not described here. Each fiber is connected
with a photomultiplier which is located below the superconducting magnet as shown
in Fig.2.5. A charged pion which passes through a fiber causes a light pulse and the
electric signal from the photomultiplier is converted to a digital signal by an ADC unit
and analyzed by the data acquisition system. Because of the high average number of
events from a single antiproton annihilation, this detector operates with a 94 % detec-
tion efficiency [Grz|. Cosmic events and photomultiplier noise yield a background count
rate of 75s7! for an individual fiber layer. We therefore generally register in the data
acquisition the so called fiber counts, which are two coincident signals (within a 50 ns
time window) from two separate layers. The background count rate of fiber counts is
reduced to 10s™! [Grz].

2.5.2.2 The Outer Scintillator Paddles

The outer scintillator paddles consist of 18 rectangular paddles which surround the
magnet in two layers as shown in Fig.2.12. They have basically the same height as
the magnet as shown in Fig.2.5. A charged pion passing through a paddle produces
scintillator light which is guided by a plexiglass light guide to an attached photomulti-
plier. The electrical signal from the photomultiplier is converted to a digital signal by
an ADC unit. The two layers are operated in coincidence within a 50ns time window
to suppress noise and background events. Antiproton annihilation events resulting in
a scintillator paddle coincidence are called single events and are detected with an effi-
ciency of about 50 % [Grz]. Background events occur at a rate of 60s~! mainly due to
cosmic rays [Grz].
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Figure 2.11: a) Top and b) side view of the fiber and BGO detectors which surround
the lower electrode stack. The BGO detector was used for the detection of y-rays
produced in positron—electron annihilations but was removed from the experiment after

the background—free detection technique was established. The graph is taken from
[Ox103].
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Figure 2.12: Cut view of the scintillator paddles. The paddle surround the magnet and
is as tall as the magnet resulting in an effective antiproton detection efficiency of 50 %.
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2.5.2.3 Trigger Counts and the Data Acquisition System

A fiber count and a single count which are registered within a 50ns time window is
referred to as a trigger count. The antiproton detection efficiency is reduced to 48 % but
the background rate is reduced to about 1.2s7! [Grz|, which makes trigger counts very
useful for the recording of rare events. A trigger count triggers the data acquisition,
which means that the status of all detector elements is read out and stored. This process
takes about 1 ms to complete so that the data acquisition system is limited to operating
at trigger count rates of 1kHz or less.



Chapter 3

Loading Particles

In the previous chapter, the devices and techniques for the trapping and the detection of
antiprotons, positrons and electrons have been presented. In this chapter, the methods
to accumulate the particles in the Penning trap are presented. The method used by
ATRAP for the accumulation of positrons is presented in section 3.1 and the method
employed for loading electrons is discussed in section 3.2. In section 3.3 the method of
antiprotons loading from the AD into the Penning trap is presented.

3.1 Positron Loading

In this section, the method employed by the ATRAP experiment for the loading of
positrons is described briefly. More detailed descriptions can be found in [ERTGOO,
Est02, Bow03]. For alternative methods not employed by ATRAP to load positrons
in a Penning trap, see [Gab04] and references therein. The positrons are loaded from
the positron source which is lowered during positron loading to the tripod region. The
positron source emits positrons within a continuous energy range between zero and
545keV. Due to the 5.3 T homogeneous magnetic field of the superconducting solenoid,
the emitted positrons are guided axially in the direction of the trapping region. The fast
positrons enter the trap can from the top through a 10 gm thick titanium foil as depicted
schematically in Fig.2.6 and pass then through the transmission moderator (TMOD),
a 2 um tungsten crystal whose surface is cut at the W(100) crystal plane. The upper
electrode stack is shown along with TMOD in Fig.3.1a. About 0.05% of the incident
positrons emerge from the transmission moderator (TMOD) with an energy of about
2eV [ERTGO00]. Such a low energy positron can form a Rydberg positronium atom
with a secondary electron while exiting the moderator. The positron and the electron
are tightly confined in the radial direction by the magnetic field, while their axial
position can be influenced through an electric field which is applied to the moderator.
Biasing the transmission moderator with a potential V; with respect to the neighboring
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Figure 3.1: a) A side view of upper electrode stack along with TMOD and RMOD.
RMOD is located at the ball valve viewing the upper electrode stack when it is closed.
b) Potentials used to trap positrons from positronium created at TMOD.

electrodes adds energy eV, to one species and removes eV, from the other. The electric
potential on axis and the corresponding electric field present in the upper electrode
stack are shown in Fig.3.1b. It is well known from experiments with Rydberg atoms
that highly excited atoms can be ionized by electric fields [Gal93]. The potential well
structure is constructed so that an electric field with a maximum magnitude of about
27V /cm is formed on the fourth electrode. This empirically determined field strength
is more than enough to ionize the Rydberg positronium atoms passing that field. The
freed positrons are then stored in the potential well formed at the third electrode from
the left. By reversing the potentials in the trapping region electrons at the same rate
can be trapped confirming the role of positronium.

Most of the positrons pass the trap and impinge upon the reflection moderator (RMOD),
which is located at the ball valve viewing the upper electrode stack when the ball valve
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Figure 3.2: a) The loading rate is given as a function of the potential V; which is applied
to the transmission moderator.

b) The loading rate is given as a function of the potential V, which is applied to the
reflection moderator. The graph is taken from [Ox103].

is closed. RMOD is a 2mm tungsten crystal whose surface is cut at the W(110) crystal
plane. A fraction n ~ 1073 [ERTGO00] of impinging positrons slow and diffuse near the
entrance surface of RMOD, and re-emerge with low energies [SL88]. RMOD is biased
by the potential V., which is typically about 500V and thus the re-emerged positrons
travel back to the transmission moderator where a fraction of the backward traveling
positrons emerge accompanied by a secondary electron and form Rydberg positronium
just as described above. Fig.3.2a shows how the positron loading rate depends upon
the voltage V; applied to TMOD and Fig. 3.2b shows how the positron formation rate
depends upon the voltage V, applied to RMOD. The maximum loading rate occurs at
V, = —1.25V and V,, = 500V and it is strongly dependent on the voltages applied to
the moderator TMOD. It can be deduced from Fig. 3.2b, that the proper use of RMOD
increases the loading rate by a factor of about 2, since it is about 300 for V, = —200V
and about 600 for V, = 4400 V.

The formation rate for Rydberg positronium depends also upon the gas adsorbed on the
surface of the transmission moderator, however this is not very well understood [Est02].
The positron loading rate diminishes over time as frozen gas atoms are removed from
TMOD by the impact of the positrons. Therefore, the trap has to be warmed up and
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re-cooled to liquid helium temperature nearly every weekend during beam time. This is
also the raison d’étre for the ball valve since without it incoming antiprotons which are
not slowed by the degrader would very quickly remove the gas layer from the TMOD.

During normal operation, we load about 300 positrons per second. This yields about
720000 positrons after a typical loading time of 40 minutes. The maximum number
which can be loaded into the Penning trap apparatus is about five million. Higher
numbers tend to have unstable clouds and can therefore not be manipulated any further.

3.2 Loading Electrons

The ability to load electrons is also crucial for several reasons. At first, electrons are
much easier and faster to load than positrons and antiprotons. They are therefore fre-
quently used to test the proper functioning of the Penning trap apparatus. Trapped
electrons also behave similar to trapped positrons, so that many positron manipula-
tion techniques can be developed with electrons. Secondly, electrons are needed for
antiproton loading, as will be described in section 3.3. In this section, the two electron
loading techniques employed by ATRAP are described. In section 3.2.1, the electron
loading technique which uses the radioactive source is described and in section 3.2.2,
the method which uses a field emission point is presented.

3.2.1 Loading Electrons from the Radioactive Source

Electrons can in principle be loaded in the same way positrons are loaded just by
reversing the potential depicted in Fig.3.1b. However, the loading rate equals the
positron loading rate and is therefore very low.

For the case of electrons, higher loading rates can be obtained by the following method.
The top part of Fig. 3.3 shows the lower part of the electrode stack of the hbarl Penning
trap apparatus (The method is employed in the same way in the hbar2 Penning trap
apparatus), and solid curve in the lower part of Fig.3.3 depicts the initial potential
structure present on axis in the trap. The high energy positrons delivered by the
radioactive source are confined axially by the strong magnetic field and pass through
the electrode stack and impinge on the degrader (DEG), where secondary electrons are
created. The secondary electrons are collected at the electrode TBE. The collected
electrons are then split into several potential wells depicted by the dashed curve in the
bottom part of Fig. 3.3. Due to the presence of such seed electrons, secondary electrons
created at DEG can be loaded into these wells as well. The electron accumulation rate
as a function of the number of wells is given in Fig. 3.4. The accumulation rate increases
with the number of wells but saturates for more than six potential wells. The average
loading rate into six or more wells is about 4500 electrons per second and therefore
about 2.7 million electrons can be loaded during 10 minutes.
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Figure 3.3: The top part of the graph shows the bottom part of the hbarl electrode
stack. The bottom part shows the initial potential (solid) curve to load secondary
electrons from the degrader onto TBE. The loading rate is improved by the use of more
potential wells (dashed lines). However in order to accumulate secondary electrons,
electrons accumulated at TBE have to be stored there. The graph is taken from [Bow03].
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Figure 3.4: Electron accumulation rate as a function of the number of potential wells.
The graph is taken from [Bow03].
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Figure 3.5: The top part of the graph shows a side view of the lower part of the hbarl
Penning trap apparatus. The bottom part depicts the potential structure applied during
electron loading from the FEP. The graph is taken from [Bow03]

3.2.2 Electron loading with the FEP

An alternative way to load electrons is by use of a field emission point (FEP). The
FEP is a 0.5mm tungsten wire with a very sharp tip at one end. It is mounted as
shown schematically in Fig. 3.5 on the ball valve on the opposite side of the RMOD. It
is electrically isolated from the valve and when the ball valve is closed, it points into the
bottom trap. The potential structure used to load electrons into the trap is shown in the
bottom part of Fig. 3.5. If a few hundred volts are applied to the tip relative to the ball,
a beam of electrons is extracted from it by the very high electric field that is generated.
A typical value for the electron beam current is 20nA. Due to the magnetic field these
electrons travel to the degrader, where they can liberate atoms that are frozen to it.
Collisions between electrons and atoms can produce secondary electrons which can be
trapped in the potential wells, as is shown in Fig.3.5. Typically 5 million electrons
are loaded within 10 seconds and therefore this is the preferred loading technique for
electrons. However, since it depends on a proper functioning of the FEP, the method
described in the previous section is also frequently employed.
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3.3 Accumulating Antiprotons from the AD into
the Penning Trap

In this section, the methods to trap antiprotons delivered in bunches by the Antiproton
Decelerator at an energy of 5.3 MeV within the Penning trap are presented. Before the
antiprotons enter the Penning trap, they pass a parallel plate avalanche counter (PPAC)
[Ste76], which is used to monitor the antiprotons and to steer them into the trap. The
PPAC and its use is described in section 3.3.1. The antiprotons are delivered at an
energy too high to be trapped and thus they are slowed by passing through an energy
tuning cell and a degrader, which is described in section 3.3.2. The slowed antiprotons
are trapped by methods described in section 3.3.3 and large numbers of antiprotons
are accumulated by a method which is called stacking of antiprotons. This method is
described in section 3.4.

3.3.1 DMonitoring and Steering the Antiproton Beam by the
PPAC

The antiprotons delivered from the AD are bent from their horizontal trajectory into
a vertical trajectory as shown in Fig.2.2 on page 11 by the magnets DE3.BVT10,

DE3.QN20, and DE3.BVT25 and then pass through the PPAC which is situated in the
bore of the magnet just before the Penning trap.

The PPAC consists of two large area anode-cathode pairs oriented in the xy-plane
perpendicular to the beam. The cathodes consist of thin sheets of aluminized mylar,
whereas each anode consists of five parallel strips of mylar. The strips are 2mm wide
with a gap of 0.5 mm between adjacent strips. The strips of one anode are oriented along
the x-direction, and the strips of the other anode are oriented along the y-direction.
Argon gas flows between an anode-cathode pair and an electric potential of 200V is
maintained across each pair. An antiproton passing through the PPAC can ionize an
argon atom and therefore produce an electron which is accelerated towards the anode.
The electron current on each strip flows through a resistor and the voltage across the
resistor is measured by an oscilloscope. The applied voltage between the strips is so
low that the PPAC is operated in a linear mode, so that an electron does not ionize
any further argon atoms. The voltage measured per strip is thus a measurement of the
number of antiprotons passing through the strip and due to the orientation of the 10
strips with respect to each other, the position and spot size of the antiproton beam can
be monitored.

The PPAC is used as a diagnostic tool for positioning and focusing the beam. The beam
is steered in the y—direction by changing the currents in the magnets DE3.BVT10 and
DE3.BVT25, and in the x-direction by tuning the current in the magnet DE0.DHZ45
which is located further upstream. Focusing in the y—direction is performed by changing
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Figure 3.6: The trapping efficiency is depicted as a function of the fraction of SFg gas
in the energy tuning cell. The graph is taken from [Ox103].

the current in DE3.QN20 and in the x—direction by changing the current in DE0.QN50
which is also located further upstream. In this way the beam can be positioned and
focused entirely onto the central 2mm wide anode strip in each direction so that it
enters the Penning trap on its central axis.

3.3.2 Slowing Antiprotons

The energy loss of the 5.3 MeV antiprotons passing through the PPAC is about 0.5 MeV
[Ox103]. In order to trap them, their kinetic energy has to be smaller than 3 keV since
only voltages up to 3kV can be applied to the high voltage electrodes (UPHV and
DEG) of the Penning trap apparatus. The degrader electrode (DEG) is a 125 ym thick
beryllium degrader foil (DEG) which resides directly in front of the lower electrode
stack as shown in Fig.2.7. The antiprotons which pass through the degrader emerge at
the opposite side at energies less than 3keV so that they can be trapped by a method
described in the next section.

In order to optimize the number of trapped antiprotons, an energy tuning cell has been
placed above the PPAC. This cell is 15 mm long and filled with a mixture of SFg gas
and helium. The relative amount of the two gases can be controlled. More SFg gas
in the cell leads to a higher energy loss of the antiproton which pass through. The
total tuning range of the cell is 0.6 MeV [Ox103] and the optimum mixture varies from
one cool down to the next since residual gas in the magnet bore can freeze and built
up a layer onto the cold surfaces through which the antiprotons pass. The optimum
mixture is chosen so that the number of trapped antiprotons from a single AD pulse
(the trapping method is described in the next section) is at a maximum. A typical
measurement of the trapping efficiency, which is the number of trapped antiprotons
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normalized to the maximum value, is depicted in Fig. 3.6 as a function of the relative
amount of SFg gas in the tuning cell. As can be seen, the trapping efficiency depends
strongly on the appropriate choice of the relative amount of SFg gas in the tuning cell.
Such a tuning curve is measured weekly or even more often to ensure that antiproton
trapping is as efficient as possible.

3.3.3 Antiproton Trapping

The lower part of the hbarl electrode stack is depicted in Fig. 3.7a (The trapping method
is used in the same way in the hbar2 apparatus). The antiprotons which pass through
the degrader (DEG) are indicated by the arrow to the right. For the initial studies
presented in the following, no electrons have been loaded. The potential structure at
the time when a 80 ns long antiproton bunch arrives is shown in Fig. 3.7b. A static -3kV
potential is applied to the upper high voltage electrode (HV) and all other electrodes
are kept at ground. The antiprotons which pass through the degrader with an energy
of less than 3keV are confined radially by the 5.3 T magnetic field and are reflected
back in the axial direction by the potential at HV. The 80 ns duration of the entering
pulse is short in comparison with the time that it takes for antiprotons at an energy of
3keV to travel from DEG to HV and back. Thus the degrader voltage can be changed
from 0V to -3 keV before the antiprotons arrive again. The resulting potential structure
is depicted in Fig.3.7c. The antiprotons with an axial energy of less than 3keV are
trapped and bounce back and forth in the long well between HV and DEG.

In order to understand antiproton trapping of a single AD pulse into a long well in
more detail, we have performed several experiments. At first, we have monitored the
number of antiproton annihilations (trigger counts) as a function of time after the
potential well at the degrader has been set to -3kV. In Fig.3.8a, the corresponding
number of antiprotons normalized to 1000 captured from an AD pulse is shown as a
function of time. The loss of captured antiprotons is initially very high and the number
decreases exponentially with a 1/e value of 20s. Within the first 50s the number of
trapped antiprotons decreases from about 22 000 to 14 000, but then there is essentially
no further loss. This absolute numbers depend on the intensity of the antiproton beam
delivered by the AD and 14000 to 16 000 captured antiprotons are more typical.

In a second experiment, the electric potential applied to HV and to DEG is changed
and the number of antiprotons that are captured after 300s is measured by releasing
them from the trapping well and counting them destructively. The result is shown in
Fig. 3.8b, where the number of trapped antiprotons normalized to 1000 is depicted as
a function of the potential applied to HV and DEG. Surprisingly, the number saturates
with a 1/e value of 830V presumably because antiprotons with more axial energy have
also more radial energy which causes them to hit the trap electrodes. In conclusion, a
trapping potential of 3kV which is a save value in view of sparks is the right choice for
trapping antiprotons into the ATRAP Penning traps, since any higher potential will
not yield to a substantial increase in the number of trapped antiprotons.
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Figure 3.7: (a) Drawing of the lower electrode stack. HV is the high voltage electrode

to which -3 kV is applied. In order to

close the trap the same voltage is also applied

to the degrader DEG. (b) Potential structure when the antiprotons enter the trap.
(c) Potential structure when the trap is closed. The antiprotons bounce back and
forth the big well and are slowed by electrons loaded into the small well. The last
two configurations are for initially loading electrons using a positron beam (d) and for
electron-cooling in two wells (e). The graph is taken from [GBOT02c].
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Figure 3.9: The energy spectra for antiprotons captured from an AD pulse without (a)
and with (b) electron cooling. With the stacking technique (c¢) much more antiprotons
can be trapped. Not absolute voltages are given since tiny offset voltages are not
calibrated. The graph is taken from [GBOT02¢].

In a third experiment, we have measured the energy distribution of the trapped an-
tiprotons by slowly ramping the potential V of the degrader window back through zero
and monitoring the number of antiproton annihilations N as a function of the degrader
voltage. The result is depicted in Fig. 3.9 a, where the energy spectrum dN/dV is shown
as a function of the degrader voltage V. The derivative with respect to V of an expo-
nential energy spectrum given by N(E) = Nyexp (—eV/kpT) has been fitted to the
experimental data. Here e is the electric charge, kp is the Boltzmann constant and 7" is
a temperature. kg7 is thus the mean energy of the trapped antiprotons. The fit yields
Ny = 23700 and kgT = 773eV. The number of trapped antiprotons during this exper-
iment is higher than the usual 14 000 to 16 000 because an extraordinary high number
of antiprotons has been delivered from the AD. In conclusion, the trapped antiprotons
have on average a mean energy of around kg1 =~ 800eV, which is a reduction in energy
by a factor of ~ 1.5 x 10~% with respect to the energy of the incoming pulse of 5.3 MeV.

In a fourth experiment, the number of trapped antiprotons has been studied as a func-
tion of the time when the potential well at the degrader is switched from zero to -3kV.
The number of antiprotons normalized to the maximum trapped number is shown in
Fig. 3.10 as a function of the time when the trapping well at DEG is established. The
graph clearly indicates that the maximum number is trapped when the well is estab-
lished immediately after the antiproton pulse enters the trap. The trapping efficiency
drops quickly to about 0.85 which is due to the fact that the fastest antiprotons return
to the degrader before capture and stays then rather flat (dashed line segment in the
figure) until it drops quickly after about 800 ns. The round trip time for antiprotons at
the mean energy of 800eV is about 900 ns, which explains the large drop after about
800 ns since a large fraction of the trapped antiprotons has already been returned to
the degrader before capture.
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Figure 3.10: The number of trapped antiprotons is shown as a function of the time
when the trapping potential is applied. It is obvious that the trap must be closed
immediately after the bunch entered the trap. The graph is taken from [GBO'02c].

3.3.4 Electron Cooling of Antiprotons

In this section, it is described how the mean energy of the trapped antiprotons is reduced
via interaction with stored electrons from about 800 eV to a mean energy corresponding
to a temperature of 4.2 K. For this about four million electrons are loaded into either
the potential structure depicted in Fig. 3.7b and ¢ or into the potential structure which
is depicted in Fig.3.7d. Antiprotons loaded into the long well by the same way as
described above bounce back and forth the long well formed between HV and DEG and
collide with the electrons. The kinetic energy of the antiprotons is transfered to the
electrons which cool rapidly via synchrotron radiation to the 4.2 K environment as has
been described in section 2.4.1. Due to this interaction, the energy of the antiprotons
is reduced until they reside in the small electron wells. This cooling process is called
electron cooling of antiprotons. We have carried out several experiments in order to
understand this process in some detail.

In a first experiment, the potential V at the degrader is slowly ramped through zero
after different electron cooling times. In that way the energy distribution dN/dV, which
is the derivative of the number of antiprotons with respect to the potential, is measured
as a function of the degrader voltage. The result is shown in Fig.3.11 for specific
electron cooling times. As can be seen, the number of antiprotons able to leave the
trapping potential for a specific degrader voltage decreases with cooling time because
more and more antiprotons are cooled into the small electron wells. Antiprotons which
still leave the long well after a cooling time of 85 s are probably antiprotons with a large
magnetron orbit and do not interact with the electrons clouds which have typically a
diameter of 8 mm.
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Figure 3.11: This series of pictures shows the energy distribution dN/dV of the an-
tiprotons as a function of the degrader voltage for different electron cooling times. The
number also decreases insofar as some antiprotons are cooled into the small well and
others are lost from the trap [GBO102c].
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In a second experiment, the electrons are ejected from the small well after a cooling time
of several minutes by opening the small well for about 100 ns. Since the electrons are
lighter, they escape leaving the heavier antiprotons behind to be recaptured. The energy
spectrum dN/dV of the electron-cooled antiprotons is then measured as a function of
the degrader voltage and the result for a total number of 24 300 antiprotons is depicted
in Fig.3.9b. The antiprotons have been cooled efficiently, since they spill out of the
trap within a 14.2meV change in degrader voltage. However, the actual width of
the observed energy distribution is difficult to interpret. The electrons are in thermal
equilibrium with their 4.2 K environment and the antiprotons in turn come to thermal
equilibrium with the electrons. A 4.2 K energy width is only about 0.3 meV [GBO*02c]
which is much smaller than the observed width. The width however depends also on
space charge and a width of about 10 mV is estimated for 25 000 antiprotons [GBO102¢],
which is only slightly smaller than the measured width of 14.2meV. In conclusion for
the experimental data presented in Fig. 3.9 b, about 24 300 antiprotons have been cooled
by electrons to a temperature of approximately 4.2 K. Such large numbers can only be
obtained from very intense AD pulses. In typical operating conditions 13 000-16 000
antiprotons can be trapped and cooled from a single AD pulse. Considering that the
AD delivers about 3 x 107 antiprotons at an energy of 5.3 MeV, this corresponds to
a trapping efficiency of about 5 x 107 and a reduction of energy by ten orders of
magnitude.

3.4 Stacking of Antiprotons

If more antiprotons are desired than the 13000-16 000 which can be trapped from a
single AD pulse it is necessary to accumulate antiprotons from more than one AD
pulse. The method used to accumulate larger numbers of antiprotons is called stacking
of antiprotons and is briefly discussed in the following. After a single bunch has been
cooled into an electron well as described above the potential applied to the degrader can
be lowered and a consecutive bunch of antiprotons can be loaded and electron cooled.
This procedure can be repeated many times. In Fig.3.12, the number of accumulated
antiprotons is depicted as a function of the number of AD pulses. As indicated by
the solid curve the number of trapped antiprotons rises linearly with the number of
AD pulses. For the experimental data shown, about 13400 antiprotons per bunch
were trapped until about 430000 antiprotons were accumulated in the Penning trap
apparatus. The accumulation of one million antiprotons was demonstrated during the
2004 beam time and so far no variation from the linear dependence could be detected.
Taken into account that an antiproton pulse arrives every 86 s it takes about one hour to
accumulate 500000 antiprotons and two hours to accumulate one million antiprotons.
In conclusion, the method of stacking antiprotons is currently the only method to obtain
large numbers (up to one million) of trapped antiprotons at cryogenic temperatures.
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Figure 3.12: The number of antiprotons accumulated in the Penning trap is shown as
a function of the number of antiproton pulses delivered from the AD. [GBO*02¢].



-44-

Loading Particles




Chapter 4

Antihydrogen Production in a
Nested Penning Trap

In this chapter experiments are described by which antihydrogen atoms are produced
during positron cooling of antiprotons [GET*01].

4.1 Introduction

In the preceeding chapters, it has been described how antiprotons and positrons are
accumulated in the Penning trap apparatus. The question now arises how antihydrogen
atoms can be formed out of them. As a prerequisite the formation of antihydrogen
from an antiproton and a positron requires the participation of a third body for energy
and momentum to be conserved. The third “body” can for example be a photon.
The properties of the so called radiative recombination process is discussed in section
4.1.1. A logical extension to the radiative recombination process is the stimulated
radiative recombination process which is presented in 4.1.2. The third body can also be
a positron. The properties of the so called three-body recombination (TBR) process
are discussed in section 4.1.3.

4.1.1 Antihydrogen Production by Radiative Recombination

In the radiative recombination process, antihydrogen is formed during the interaction
of antiprotons and positrons by emission of a photon with the energy hr according to

p+et — H+ hy, (4.1)
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where h is Planck’s constant and v is the frequency. The formation rate per second and
per antiproton is given by [GRHKSS]

[4.2
Trr=3x10"" et (4.2)

where T is the temperature given in Kelvin and n.+ is the density of the positron plasma
3

given in cm™°.
For typical parameters of the ATRAP experiment, T = 4.2K and n.+ = 2x107cm ™3, a
formation rate of ['rp = 6 x 10~*s~! and an antihydrogen production rate of Nyl'rpr =
60s~! for N; = 100000 antiprotons is obtained. The cross section for this process
scales inversely to the third power of the principal quantum number of the recombined
state and thus antihydrogen atoms in the ground state are preferentially created by this
process [CEHT94].

4.1.2 Stimulated Radiative Recombination

The formation rate of the radiative recombination process can be enhanced by exposing
the interacting plasma clouds to intense laser light with frequency v, which stimulates
recombination into a particular antihydrogen state with principal quantum number n
according to

p+et +hy — H+ 2hv. (4.3)

The production rate increases from I'gg to (1 + G)I'rg, where the gain G is given by
[GRHKSS]

Gm2-107°-n°-1 (4.4)

for a positron plasma temperature of 4.2 K and for a laser intensity I given in W/cm?. G
is limited by photoionization at high n and by achievable laser intensities for stimulation
into states with n < 8 [GRHKS88]. With laser light from a CO laser recombination into
the n = 11 state can be stimulated. 10 W of laser light focused to a spot size of about
5mm, which is a typical size of the interacting plasmas in the ATRAP experiment, yield
a gain of G ~ 160 and thus a total antihydrogen production rate of NI gr ~ 9600s~!
for a positron density of n.+ =2 x 107 em ™ and 100 000 antiprotons.

Though this process yields a higher formation rate, it is extremely difficult to implement
in the Penning trap apparatus. The reason is that the current apparatuses are designed
in a way that the only optical access is via optical fibers. Optical fibers for CO, lasers
exists [Pol], but we did not put forward the idea to install any in the Penning trap
apparatus for several reasons. The first reason is that the fiber is hollow and it is
therefore extremely difficult to design vacuum feedthroughs. The second reason is that
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the fiber is very rigid and therefore very difficult to bend from the vertical direction
when running through the pinbase (compare Fig.2.9 of the feedthrough for the silica
fibers) to an angle of 30 degrees with respect to the vertical direction in order to mount
the fiber end in a hole drilled into one of the electrodes so that the interacting particles
could be exposed to laser light.

4.1.3 The Three-Body Recombination Process

A concurring process to radiative recombination is formation of antihydrogen via three—
body collisions by which antihydrogen is formed in the collision between one antiproton
and two positrons according to

ptret+et — H+el, (4.5)

so that one positron forms a bound state with the antiproton and the other positron
carries away the excess energy and momentum. The collisional energy exchanged in
this process is at the order of kg7 (=~ 0.36meV for T = 4.2K) and as a consequence
the antihydrogen atoms are formed in highly excited states. De—excitation collisions
stabilize this process but can only proceed to a binding energy of a few kgT below the

ionization limit [GO91]. The formation rate per second and per antiproton is given by
[GRHKSS]

12\
Irpr =6 x 10712 <?) n’., (4.6)

where T is the temperature of the positron plasma given in Kelvin and n.+ is the
density of the positron cloud given in cm™3. However, Glinsky and O’Neil [GO91]
showed that this rate is reduced by a factor of about 10 because of the strong magnetic
field present in the Penning trap. Thus a formation rate of I'7pr = 24005~ ! is obtained
for typical parameters of the ATRAP experiment, namely a temperature T' = 4.2 K and
a positron density of n.+ = 2 x 107ecm™3. The antihydrogen production rate is then
Nylrpr = 2.4 x 108s™! for N; = 100000 antiprotons. This rate indicates that much
more antihydrogen is produced via a TBR process than via a spontaneous recombination

process.

It therefore seemed feasible to produce antihydrogen by merging simultaneously con-
fined antiprotons and positron plasmas and relying upon the TBR process to occur.
In order to let the two species of particles interact temporarily and spatially with each
other, the concept of a nested Penning trap which is further discussed in section 4.2.1
has been proposed [GRHKSS|. The ATRAP Collaboration could observe for the first
time in 2001 positron cooling of antiprotons [GET*01] in a nested Penning trap, which
has been a clear indication that the two species collisionally interact with each other, a
prerequisite for the formation of antihydrogen via the TBR process. The challenge has



-48- Antihydrogen Production in a Nested Penning Trap

then been to detect any formed antihydrogen atom. An antihydrogen atom is electri-
cally neutral and therefore free to leave the Penning trap. It annihilates when impinging
for example at the trap electrodes. The most straightforward detection method, used
by the ATHENA Collaboration [AAB*02] would then be to simultaneously detect the
annihilation of an antiproton and a positrons by the detector system. In order to de-
tect the 511keV back-to-back y—particles of the electron—positron annihilation events
a segmented BGO detector (see Fig.2.11a,b) was installed in addition to the fiber de-
tector. Unfortunately, the antiproton annihilation events result in a large number of
secondary interaction products including y—particles and positrons from = conversions.
Therefore the background from pure antiproton annihilations is rather large. Due to the
limited space a tracing system could not be installed which would improve the signal
to background ratio as it is shown by the ATHENA experiment [AAB*02] where the
annihilation vortex can be determined. An indication of antihydrogen production was
observed with the BGO detector but the statistics and signal to noise ratio of about
1 : 3 was considered to be too low for a definite proof of antihydrogen production. In-
stead, the ATRAP Collaboration invented a method which relies on the field—ionization
of antihydrogen and subsequent background—free detection. The first experiment car-
ried out by the ATRAP Collaboration in fall 2002 and by which this detection method
has been established is described in section 4.2. The method of field-ionization goes
beyond a simple counting of antihydrogen atoms. It enabled us to measure the state
distribution and the velocity of the antihydrogen atoms. These two experiments will
be described in section 4.3 and in section 4.4, respectively. The chapter ends with a
summary and conclusion, given in section 4.5.

4.2 First Observation of Antihydrogen Atoms

In this section, the experiment by which the ATRAP Collaboration has detected for
the first time antihydrogen atoms produced during positron cooling of antiprotons
[GET*01] in a nested Penning trap [GRHKS88] is described. The result presented here
has also been published in [GBO'02a].

4.2.1 The Experimental Setup

A cross sectional view of the lower electrode stack is shown in Fig.4.1a. The electric
potential applied to the electrodes is depicted in Fig. 4.1b and the corresponding electric
field strength is given by the color code in Fig. 4.1a. The potential configuration can be
divided into two regions. The electric potential from T1-T7 is used for the production
of antihydrogen, while the ionization well at T8 and EET is used for the detection of
antihydrogen. Central for the production of antihydrogen is the nested Penning trap
[GRHKS8S] which is formed on the electrodes T4, T5, and T6. The nested Penning
trap consists of a positron well at TH which is centered between two potential wells for
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Figure 4.1: (a) A cross section of the bottom part of the hbarl electrode stack as well as

the electric field distribution due to the potential structure shown in (b) are depicted.

(b) The potential along the central axis of the Penning trap. A nested Penning trap
is constructed at the wells T4, T5, and T6. The antiprotons are launched into the
structure from T2. An ionization well with a maximal electric field of 95V /cm is

constructed at EET.
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antiprotons constructed at T5 and T6 in a way that the antiprotons are additionally
axially confined by the long well between T4 and T6, which is indicated by the dotted
line in Fig. 4.1b. A positron cloud is loaded into the potential well at T5. An antiproton
cloud is initially stored in the potential well at the electrode T2. The antiprotons are
launched into the nested Penning trap by pulsing the potential from the solid to the
dashed form for 1.5 us. The antiprotons move then back and forth in the nested Penning
trap and temporarily pass through the positron cloud. The antiprotons collisionally
interact with the stored positrons and the kinetic energy of the antiprotons is transferred
to the positrons which cool rapidly via synchrotron radiation to the 4.2 K environment.
This process of positron cooling of antiprotons is similar to the electron cooling process
used to accumulate antiprotons from the AD. A difference arises from the different sign
of the electric charge of electrons and positrons. During the electron cooling process
the antiprotons are cooled into the well of the electrons whereas during the positron
cooling process the antiprotons are cooled into the side wells at T4 and T6 where
interaction with the positron cloud stops. Any antihydrogen atom formed during this
cooling process is due to its charge neutrality free to leave the nested Penning trap.

As mentioned in the introduction and as predicted theoretically [MK69, BM75, GO91,
Fed97], the dominant antihydrogen formation process during the interaction of cold
antiproton and positron plasmas is via the three-body recombination (TBR) process,
p+et +et — H+e. As a consequence the formed antihydrogen atoms are weakly
bound. Tt is well known from experiments with Rydberg atoms [Gal93] that weakly
bound atoms can be ionized by an electric field. Central to the detection region is
the ionization well at EET. There, the maximum electric field is 95V /cm. At the
edge of the nested Penning trap, the maximum field strength is 35V /cm. Therefore,
any antihydrogen that passes through the ionization well and which ionizes at electric
fields between 35V /cm and 95V /cm deposits its antiproton in the ionization well. The
detection region is designed in a way that an antiproton alone cannot arrive in the
ionization well since there is no mechanism for cooling. If an antiproton would have
enough energy to climb over the potential hill at T8 (Fig.4.1b) it would bounce back
and leave the trap at T1. The deposited antiproton remain stored in the ionization
well until after positron cooling is completed in the nested well and the remaining
antiprotons and positrons in the nested Penning trap are ejected in the direction away
from the ionization well.

The antiprotons in the ionization well are ejected by ramping down the ionization well
within 20 ms and the antiproton annihilations are detected by the detector system.
The only background arises from cosmic rays that are on a rate of 1.2s7!. Since the
ramp is so fast the cosmics contribute only 1 count in 50 and the antiprotons from the
antihydrogen atoms are therefore detected background—free.
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Figure 4.2: a) 657 antiproton counts in the ionization well within a time window of 20 ms
with positrons in the nested Penning trap and b) zero counts seen without positrons.

4.2.2 Experimental Results

Fig. 4.2 depicts the sum of all antiproton counts for the case a) with positrons present
in the center of the nested Penning trap and b) without positrons. The data represents
eleven trials with about 150 000 antiprotons per trial and 100 000 to 1.7 million positrons
and 6 without positrons. In total 657 antihydrogen atoms have been detected within the
11 trials. Zero Counts have been observed for the case without positrons present in the
center of the nested Penning trap. This clearly indicates that the potential structure
ensures that an antiproton on its own cannot be trapped by the ionization well and
that the antiprotons counts seen in the case with positrons present in the center of the
nested Penning trap are from antihydrogen.

In conclusion, we have demonstrated by this experiment the production of antihydrogen
atoms during positron cooling of antiprotons in a nested Penning trap and established
the background—free detection method.

4.3 State Distribution of Antihydrogen

After antihydrogen has been detected, we focused on improving the production rate
which lead to the invention of driving antiprotons over the positrons instead of releasing
them from a side well. This method is briefly described in section 4.3.2. Due to the
new production method, the production rate could be increased by more than an order
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of magnitude so that about 500 to 3000 antihydrogen atoms could be detected per
experiment in the detection well. This large number enabled us to measure the state
distribution of the antihydrogen (4.3.4) and as a side product, the dependence of the
number of antihydrogen on the positron number could be measured (section 4.3.3).
Many other results have already been reported in [GBO102b, Ox103, Bow03] and are
therefore not presented here.

4.3.1 The Experimental Setup

A cross sectional view of the lower electrode stack of the hbarl apparatus is shown
in Fig.4.3a. The potential and the corresponding electric field on axis is shown in
Fig.4.3b. The potential structure can be divided into several regions. The nested
Penning trap which is used for the production of antihydrogen is formed between the
electrodes T5 to EET and the potential structure and corresponding electric field on
axis are additionally depicted in the inset in Fig.4.3b. As can be seen from the inset,
the magnitude of the electric field in the region of the nested Penning trap does not
exceed 20 V/cm. To the left of the nested Penning trap, at the electrodes T2 to T4, a
normalization well is constructed. This potential well structure is used for the detection
of antihydrogen in the same way as the ionization well in the experiment described in
section 4.2. The maximum electric field strength at the normalization well is 90 V/cm
on axis and 120 V/cm 3mm off axis. Any antihydrogen atom which leaves the nested
Penning trap towards the normalization well and that ionizes at smaller electric fields
is stripped while passing the normalization well and the freed antiproton is stored in
the normalization well and is detected background—free later. To the right of the nested
Penning trap, at the electrodes ER to B2, a state analysis region (indicated in Fig.4.3b
by pre—ionizing electric field) and a detection well are implemented. The electric field
strength in the state analysis region is variable from 30 V/cm to 360 V/cm by changing
the potentials on the corresponding electrodes. The maximum electric field strength at
the detection well is 650 V/cm on axis and 860 V/cm 3 mm off axis. Any antihydrogen
atoms which passes the pre—stripping field and which ionizes at lower electric fields
deposits its antiproton in the detection well. The antiproton is detected background—
free at the end of the experiment.

4.3.2 More Antihydrogen Atoms by Driving Antiprotons

The disadvantage of the experiment described in section 4.2 is that the antiprotons
which have been cooled by the positrons finally reside in the antiproton wells of the
nested Penning trap and interact not further with the positrons. In order to use an-
tiprotons more efficiently, they are not any more launched from a separate well into the
nested Penning trap but they are stored in the antiproton wells of the nested Penning
trap, formed at T6 and T8 (see Fig.4.3). A radio—frequency drive signal is applied
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Figure 4.3: a) A cross sectional view of the lower electrode stack of the hbarl Pen-
ning trap apparatus. b) Potential and corresponding electric field on axis used for the
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alternatively to the electrodes T6 and T8 through which energy is put into the axial
motion of the antiprotons. The resonance frequency of a single antiproton residing in
a potential well of the nested Penning trap depends on its energy and on its position.
The resonance frequency has been calculated for an antiproton on axis and 4 mm off
axis by Paul Oxley in a numerical simulation [Ox103] as a function of the antiproton
energy and the result is shown in Fig.4.4. As can be seen, a rf-frequency of 825kHz
(dotted line) is on resonance for both particle locations. A 1V peak-to-peak drive at
this frequency is applied up to 25 times alternatively for 10s with 5s without excita-
tion in between to the electrodes T6 and T8. The driving capabilities of such a drive
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Figure 4.4: The axial oscillation frequencies in the side wells depend on the antiproton
energy and radial position. The energy is calculated with respect to the energy on axis
at the center of the nested well. The graph is taken from [GBOT02b].

are studied intensively by Paul Oxley and all details are presented in his PhD thesis
[Ox103]. In conclusion, due to the change of the experimental setup, from releasing the
antiprotons from a side well into the nested Penning trap to driving them by a rf-drive,
the antihydrogen production rate could be enhanced by a factor of 12 [GBO102b]. For
example, in a single experiment with 300000 antiprotons and 2 million positrons, 718
antihydrogen atoms could be detected, which is more than the 657 antihydrogen atoms
produced in eleven trials by releasing the antiprotons from a side well into the nested
Penning trap as reported in section 4.2.

A very interesting result has been obtained from the analysis of an experimental trial
with 290000 antiprotons and 4.5 x 10°% positrons. In this trial we have detected 7600
antiprotons in the normalization well. The assumption that the antihydrogen atoms
leave the nested Penning trap isotropically requires however about 7600 - 125 = 850 000
antiprotons for antihydrogen production, which is much more than the 290000 used
(The factor of 125 takes into account the solid angle of the detection well with respect
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Figure 4.5: The number of antihydrogen atoms detected in the normalization well is
shown as a function of the number of positrons used in the nested Penning trap for its
production. The number of antihydrogen atoms is normalized to 250000 antiprotons
used in the nested Penning trap. The indicated uncertainties are statistical only, taking
into account the statistical error in the measurement of the number of antiprotons in
the normalization well as well as the statistical error in the measurement of the number
of antiprotons in the nested Penning trap.

to the production region and the detection efficiency of the trigger counts as described
in section 2.5.2.3). Thus the antihydrogen atoms are produced in a beam which is
directed along the center axis of the Penning trap.

4.3.3 Dependence of Antihydrogen Production on the Num-
ber of Positrons

We have performed experiments over several weeks with about 300 000 antiprotons and a
varying number of positrons using the driving method described above. The data can be
used to investigate the dependence of the number of antihydrogen atoms detected in the
normalization well on the number of positrons. The number of antiprotons (=number
of antihydrogen atoms) detected in the normalization well is depicted in Fig.4.5 as a
function of the number of positrons. In order to compare the individual experiments,
the number of antiprotons has been normalized with respect to 250 000 antiprotons in
the nested Penning trap. As can be seen the number of antiprotons depends linearly
on the number of positrons with a slight deviation from linearity for small numbers of
positrons (< 1million). In order to understand the linear dependence, the shape and
density of the positron plasma have to be taken into account. The positron plasma
shape and density have been studied by use of an aperture method, and the method
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and results are published in [OBP*04, Oxl03], so that only a brief account is given
in the following. In these studies, the positron cloud is pulsed through the aperture
presented by the ball valve electrode of the hbarl Penning trap apparatus (its inner
diameter is only 6 mm, while the inner diameter of all other electrodes is 12mm). From
the measured transmission efficiency and the measured number of positrons, the shape
and density of the plasma can be calculated by a numerical code written by Spencer
et al. [SRV93] and Parrott [Par| which solves the Poisson equation self-consistently for
charged particles confined in a Penning trap. These studies reveal that as the positron
number increases from 1 million to 4.5 million particles the positron plasma diameter
remains at 1cm and the density remains within a few percent of 2 x 107ecm™3. The
axial extent of the positron plasma however grows linearly from 1.5mm to 3mm. The
antihydrogen production grows therefore linearly as the axial extent of the positron
plasma. The observed deviation from linearity for less than one million positrons is due
to the fact that the positron cloud still grows radially.

4.3.4 The State Distribution of the Formed Antihydrogen

For the experimental results presented in the previous section, only the antihydrogen
atoms stripped in the normalization well have been taken into account. When carrying
out these experiments the electric field in the analysis region has been additionally var-
ied from one experiment to the other between 30 V/cm and 360 V/cm. An antihydrogen
atom stripped by the pre-ionizing electric field in the analysis region is unable to deposit
its antiproton in the detection well and therefore the number of detected antihydrogen
atoms in the detection well reduces with increasing electric field in the analysis region.
The number of detected antihydrogen atoms is shown in Fig.4.6 as a function of the
maximum electric field F present in the state analysis region. The ordinate to the left
gives the number of antihydrogen atoms normalized to 250000 antiprotons and five
million positrons. Such a normalization is possible because in each trial about 300000
antiprotons have been used and a linear dependence of the produced number of an-
tihydrogen atoms on the number of positrons has been measured as presented in the
previous section. The ordinate to the right shows the number of detected antihydrogen
atoms normalized to the number of antiprotons used in the nested Penning trap.

The number of antihydrogen atoms surviving an electric field F' is proportional to F'—2
or F~3/2 (see the dotted power laws in Fig. 4.6). This corresponds to state distributions
dN/dF o F~% or dN/dF oc F~°/2. This is a very interesting and important result for
the understanding of the production mechanism, since the current theory of the three-
body formation of antihydrogen [GO91, Fed97] cannot explain the measured distribu-
tion. A reason for the difficulties in the theoretical interpretation of the measured state
distribution is that currently a numerical simulation of the antiproton—positron mixing
process in a nested Penning trap seems unfeasible, because for a proper simulation the
equations of motion during the mixing process have to be solved for each particle inde-
pendently. In a particles’ equations of motion the interactions of the particle with all
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Figure 4.6: The number of antihydrogen atoms is shown as a function of the pre-
stripping field F which the atoms have passed. The atoms can be characterized by their
radial size p, which is less than indicated by the horizontal axis at the top. Antihydrogen
atoms with radii in the gray—shaded region are guiding center atoms (GCA), while atoms
with radii in the white region are non—-GCA. The error bars are statistical due to the
uncertainty in the detection of the antiprotons released from the detection well.

other particles have to be taken into account. Thus, a simulation of typical experiments
with about one million positrons and about 10° antiprotons requires due to the rela-
tively large number of particles storage and calculation time that are currently beyond
the possibilites of modern computer technology. Moreover the physical interpretation of
numerical simulations are intractable. Another reason for the difficulties in the theoreti-
cal interpretation of the measured state distribution is that so far theoretical treatments
have only taken into account the relative simple model of guiding center atoms [GO91].
The interpretation of the measured state distribution requires probably the develop-
ment of more advanced models. The results presented here have stimulated along with
the results published by the ATHENA Collaboration new studies on the formation
mechanism, see for example [Dri04, GBO"04, BD04, KO04a, KO04b, Rob04, RH04].
However, as mentioned above, so far no satisfying explanation for the measured state
distribution has been found, see in particular [Dri04, GBO*04].

The electric field F' by which an antihydrogen atom is ionized can be used to characterize
the atoms. The most intuitive way to characterize an antihydrogen atom is by the
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principal quantum state n to which the positron is excited. In the following a relation
between F' and n is derived. Consider an antihydrogen atom with the antiproton at the
origin in the presence of an electric field in the z—direction. The potential experienced
by the positron moving along the z—axis is given by the combined potential V' (r) of the
atomic core and the potential due the external electric field F

(4.7)

where ¢ is the unit charge, €y is the permittivity of the vacuum, and r is the classical
distance between the positron and antiproton. The maximum potential energy is ob-
tained by solving V'(r,4.) = 0 with respect to ry,., and ensuring that V" (r,,q.) < 0.

This yields 7,40 = 27rgo 7 and Ve = V(Tmaa) = —S’E/T‘/f—f;. The energy of a positron
in an atomic state with principal quantum number n is given by E(n) = —%, where

Ryd ~ 13.6€eV is the Rydberg energy. The antihydrogen atom is ionized when the
energy of the positron is larger than the maximum energy of the combined potential.
The minimum electric field by which an antihydrogen atom in a state with principal
quantum number n is stripped is then given by solving E(n) > V.. (F) for F' which
yields

1
F >285x10%V/cm x — (4.8)

The quantum state which are ionized can be obtained by solving E(n) > V. (F) for
n which yields

- </2.85 x 108 V/cm
> e .

As shown in Fig. 4.6, antihydrogen atoms that have passed a pre-stripping field between
30V/cm and 360 V/cm are detected. Atoms that are not ionized by an electric field of
30 V/cm are according to Eq.4.9 in an atomic state with n < 55. Antihydrogen atoms
which have passed a pre—stripping field of 360 V/cm are in a state with n < 29. A lower
limit of the detected quantum states is given by n > 24 set by the maximum electric
field of the detection well, which is 860 V/cm.

(4.9)

The characterization of the detected highly excited antihydrogen atoms by the principal
quantum number n is very intuitive and practical for any further estimates, as for
example presented in chapter 5. However, due to the presence of the magnetic field of
the Penning trap n is not a good quantum number for such highly excited states. The
reason is that at a magnetic field strength of about [RGHW94|

30\°
Bcritical ~ 8.3 <_) T, (410)
n

the Lorentz force acting on the positron is of similar size as the Coulomb force caused by
the atomic core on the positron. The Lorentz force cannot be treated as a perturbation
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and as a consequence n is not a good quantum number [RGHW94]. Using the magnetic
field of the Penning trap, By = 5.3 T, Eq.4.10 can be solved for n, which yields n ~ 35,
confirming that the detected antihydrogen atoms are in the regime, where n is not a
good quantum number.

Due to the mixing of the highly excited n—states a different approach for the description
of the formed antihydrogen atoms had to be developed, which is a reason why the theory
of TBR-processes in nested Penning traps is so challenging. Progess has been made by
a recent theory paper [VGP*04] which discusses field-ionization of antihydrogen atoms
in a strong magnetic field. The authors suggest to characterize the highly excited
and highly magnetized antihydrogen atoms by their radius p = /22 + y? in the plane
perpendicular to the magnetic field of the Penning trap. According to [VGP104], an
antihydrogen atom which survives an electric field F' has a radius p smaller than

Ql/A 7
= — 4.11

P =575\ 7a (4.11)
where a = (2%)1/4 ~ 0.62, ¢ is the unit charge and ¢, is the permittivity of the vacuum.

The maximum atomic radius, determined by Eq. 4.11 is indicated by the horizontal axis
at the top of Fig.4.6. As can be seen, a typical radius of the detected antihydrogen
atoms is in the range between 0.4 ym and 0.15 ym and the radius of the deepest bound
atoms is less than 0.1 pm.

As mentioned before, the formation of the highly excited antihydrogen atoms is prob-
ably due to the three-body recombination (TBR) process and subsequent collisional
de-excitation. Theoretical studies carried out by Glinsky and O'Neil [GO91] and by
Fedichev [Fed97] have used the model of guiding center atoms (GCA) in order to
describe the formed antihydrogen atom. The guiding center approximation however
breaks down for an atomic radius of p < 0.14 um [GSS*05] and the orbit of the positron
is chaotic [DKN84]. For more clarity the antihydrogen atoms for which GCA is a reason-
able approximation are separated by the grey shaded part of Fig. 4.6, while non—-GCA
lie in the white part the graph. We have thus for the first time produced and detected
antihydrogen atoms which are too deeply bound to be described by the GCA-model.
So far no theory exists to explain the formation of such deeply bound antihydrogen
atoms.

4.4 Measuring the Velocity of Antihydrogen Atoms

In addition to the measurement of the state distribution, the velocity of the antihydro-
gen atoms could also be measured during the beam time 2003. The experimental result
is published in [GSST04] and will be briefly described and discussed in this section.
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4.4.1 Experimental Setup

The experimental setup is shown in Fig.4.7a—d. Fig.4.7a shows the lower part of the
hbarl electrode stack and the potential which is present on the center axis is depicted
in Fig.4.7b. The corresponding electric fields on axis and 3mm off axis are shown in
Fig.4.7c and d, respectively. The potential structure and electric fields can be divided
into several regions. The nested Penning trap used for antihydrogen production is con-
structed between the electrodes T5 and EET, while a normalization well is designed
at T3 which is used for antihydrogen detection. As can be seen the maximum electric
field in the normalization well is 85V /cm on axis and 120 V/cm off axis and any anti-
hydrogen which passes through this well and which ionizes at lower fields deposits its
antiproton in the normalization well. The stored antiproton is detected at the end of
the experiment background—free in the same way as in the experiments described above.
The potential structure formed between the electrodes RL and TBE is used for measur-
ing the velocity of antihydrogen. It consists of a pre—stripping field and a subsequent
detection well. The pre-stripping field consists of a static component Fpc(p, z) and a
time varying component Fac(p, z)cos(wt + @), which are both functions of the radial
coordinate p = /22 + y? and the axial coordinate z with respect to the magnetic field.
The dashed and the dotted curve in Fig.4.7c and d show the maximum variation in
amplitude of the pre—stripping field As can be seen, the maximum electric field in this
region does not exceed 65V /cm on axis and 85 V/cm 3 mm off axis. Therefore, accord-
ing to the results presented in section 4.3.4, only the weakest bound atoms are sensitive
to the electric fields in this region and therefore only the velocity of these atoms is mea-
sured. The idea of the velocity measurement is rather simple. Consider such a weakly
bound antihydrogen atom which could be ionized by the maximum pre—stripping field
traveling from the nested Penning trap towards the detection well. The probability
that the electric field is high enough to strip the atom while it moves through the pre—
stripping region increases with frequency w of the AC-component of the electric field.
The number of antihydrogen atoms detected in the detection well therefore decreases
with increasing w which allows to determine the velocity of the atoms by comparing
the experimental data with a model as presented below.

4.4.2 The Experimental Results

For the experimental results presented here, typical 250000 antiprotons and 400000
positrons have been accumulated and mixed in the nested Penning trap. Fig. 4.8 shows
the fraction of antihydrogen atoms detected in the detection well relative to the number
measured in the normalization well as a function of the oscillating pre—stripping well.
For the result represented by the open square, no frequency is associated with it. It is
the ratio of counts in the detection well to the normalization well with the oscillating
field turned off. The solid points are measured with the oscillating fields turned on. The
vertical scale for Fig.4.8. is chosen so that the measurement with no oscillating field is
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Figure 4.7: a) Cross section of the lower electrode stack of the hbarl apparatus. b)
Potential on axis and the magnitude of the electric field on axis (¢) and 3mm off axis
(d). The solid curves are the static potentials and the fields magnitudes. The dashed
and dotted curves show the maximum variation of these when the oscillating potential
is added [GSST04].
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consistent with 1 and that the measured w — 0 limit is consistent with 0.62. The latter
is the fraction of the time that the magnitude of the oscillating electric field, along
the trajectory of an antihydrogen atom traveling to the detection well, is less than the
maximum static field along this path. In this limit 0.62 of all the antihydrogen atoms
traveling to the detection well should thus not be ionized by the oscillating field.

4.4.3 Discussion of the Experimental Results

In order to determine a velocity of the antihydrogen atoms from the experimental
data shown in Fig.4.8, we have developed a simple numerical model. Consider that
N(p,v, F)dpdvdF antihydrogen atoms are produced at z=0 and t=0 within a radius of
p and p + dp, with a velocity towards the detection well between v and v 4 dv, and in
an atomic state which ionizes at a electric fields between F' and F' + dF'. Without a
time varying field, the antihydrogen atom experience Fpc(p, z = vt) on their way to
the detection well. The number of antihydrogen atoms detected is then

00 0o Frnaz(p)
Ny :/ dp/ dv/ N (p,v, F)dF. (4.12)
0 0 Fpc(p)

A value for p,q. is given below and F,..(p) is the maximum electric field present in
the detection well.

When the time varying component of the pre—stripping field is switched on, then the
atoms which travel towards the detection well pass an electric field given by

F(p,z,w/v,®) = Fpe (p, 2) + Facp, z) cos (% + <I>> : (4.13)
The number of detected antihydrogen atoms is then given by
0o 00 2 1 Fraz(p)
N = / dp/ dv/ —d¢ N (p,v, F)dF (4.14)
0 0 0o 27 F'(pw/v,0)

The lower border of the last integral, F'(p,w/v,®) is the maximum field magnitude
that the antihydrogen atoms encounter in the pre-stripping region.

In order to derive a numerical result, we assume that the antihydrogen atoms are
produced uniformly out to a radius of p,,., = 3mm, which is approximately the radius
of a positron plasma cloud with 400000 positrons. We also assume that N oc F—3
which has been measured by the experiment presented in section 4.3.4. Additionally it
is assumed that all antihydrogen atoms have a velocity of vy. We therefore obtain

L 50 —vy) 2. (4.15)

max

N(p,v, F) =

The integral given in Eq. 4.12 is then solved numerically by usage of the approximations
for Fpo(p) and F..(p) and by use of Eq.4.15. The result is depicted in Fig. 4.8 by the
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Figure 4.8: The fraction of the antihydrogen atoms detected in the detection well rel-
ative to the number detected in the normalization well is shown by the solid points as
a function of the frequency w/(27) of the oscillating pre-stripping field [GSST04]. The
error bars are statistical due to the uncertainties in the determination of the number of
antiprotons in the normalization and detection well. The open square shows a measure-
ment with the oscillating field switched off. The measured points are compared to a
simple model discussed in the text (solid curve), which reveals that the average kinetic
energy of the antihydrogen atom is about 200 meV.
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blue dashed curve. The scale in that graph is chosen so that the curve is at a detection
probability of one. The integral given in Eq.4.14 is also solved numerically by usage
of the approximations for F’'(p) and F,,..(p) and by use of Eq.4.15. The solid curves
in Fig. 4.8 show the functional behavior of the integral for several velocities vy. The
velocities are given in the graph via the corresponding kinetic energy 1/2m zv2. where
my is the antihydrogen mass. As can be seen a kinetic energy of 200meV is a good
fit to the experimental data. This result is rather insensitive to the assumptions. For
example, if we had assumed that all antihydrogen atoms are produced on the central
axis, then best fit would correspond to a kinetic energy of 100 meV. If we had assumed
that all antihydrogen is produced 4 mm off axis, then we would have concluded that
the antihydrogen velocity is about 300 meV. 200 meV correspond to an antihydrogen
temperature of about 2300 K, which is much higher than the 0.36 meV kinetic energy
corresponding to a temperature of 4.2 K.

The measured average antihydrogen energy of 200 meV corresponds to an antihydrogen
velocity of about 6200m/s. It is up to now unknown if this relative high velocity is
caused by the rf—signal used to drive the antiprotons over the psoitrons or whether such
a high velocity is characteristic of this production method. An antiproton speed that
seems important for antihydrogen formation is the one that equals the most probable
speed of the positrons, because in this case a relative large fraction of the positrons
move collinearly with the antiprotons when these pass the positron cloud and one would
expect an increased antihydrogen production. The most probable positron velocity v+
for a temperature of T'= 4.2 K is given by

2kgT

Me+

~ 11300m/s, (4.16)

Vet =

where kg is the Boltzmann constant and m.+ is the mass of a positron. The most
probable positron velocity is about a factor of two larger than the measured velocity of
the antihydrogen atoms.

Another important antiproton speed can be calculated from the average rate of deex-
citation collisions [GO91] between an initially bound positron and another positron.
The expected et — eT collision rate should be of order n.+(7b?)v.+ [GO91], where
Net = 1.6 x 10" cm ™ is a typical positron density and v+ is the positron velocity cal-
culated above. The distance of closest approach b comes from equating the potential
energy ﬁ between two positrons and the thermal energy kg7'. This yields a colli-
sion rate of about 9 x 10%s~! and hence a mean time between two collisions of about
t = 1.1 x 1077s. Thus for a least one deexcitation collision to occur while passing a
positron plasma of a typical size s ~ 1mm, the antiproton velocity has to be lower
than v = s/t ~ 9100 m/s, which is about 1.5 times larger than what has been observed
experimentally. From this simple model the conclusion can therefore be drawn that the
weakest bound atoms of which we have measured the velocity are formed from only one
deexcitation collision. Notice that the antiproton speed v’ scales as n.+sT /2. Hence
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a positron plasma with lower density, shorter length and higher temperature should
produce —somehow counter—intuitively — antihydrogen atoms with lower velocities.

Antihydrogen with lower velocities might also be produced by driving the antiprotons
so that they have just enough energy to go through the positron plasma. In addition,
the positrons can be kept in a deep potential well so that weakly bound antihydrogen
atoms will strip at the edge of the well, thereby giving the antiprotons further time to
cool and to form more deeply bound states.

In conclusion, the average velocity of the most weakly bound atoms has been measured
to about 6200 m /s which corresponds to a kinetic energy of about 200 meV. These atoms
are far too hot to be trapped in a neutral particle trap, which requires atoms below
a temperature of 1K [Wal93]. A simple model suggest that the antihydrogen atoms
are formed from a single deexcitation collision. By use of a lower density and shorter
and hotter positron plasma, a weaker rf—drive, and deeper potential wells of the nested
Penning trap the temperature of these atoms might be reduceable.

4.5 Summary and Conclusion

In this chapter experiments have been presented by which antihydrogen atoms are
formed during positron cooling of antiprotons in a nested Penning trap. From a com-
parison of the number of antiprotons detected in the detection well with the number
of antiprotons used for antihydrogen formation it could be deduced by taking into ac-
count the detection efficiency and the solid angle of the detection well with respect
to the production region that the antihydrogen atoms are formed in a beam which is
directed along the center axis of the Penning trap. A new detector system which is
currently constructed for the new Penning—loffe trap apparatus and which will prob-
ably be available for beamtime 2006 allows to track the locations of the antihydrogen
annihilation events. By use of this detector system it should therefore be possible in
the future to investigate the properties of the antihydrogen beam in detail.

A linear dependence of the number of detected antihydrogen atoms on the number of
positrons could be established. Additionally, the state distribution of the antihydro-
gen atoms could be measured, revealing that the antihydrogen atoms are produced
in highly excited states. The high production rate and the highly excited states sug-
gest that these atoms are produced via three-body recombination processes and sub-
sequent collisional deexcitations. However, the current theory cannot yet account for
the measured state distribution, which is dN/dF o F~% or dN/dF o~ F~°?2. Rea-
sons for the difficulties in interpreting the experimental results are as discussed in
detail above that it is currently impossible to numerically simulate the antiproton—
positron mixing process in a nested Penning trap mainly due to the large numbers
of particles involved and that so far theoretcial treatments have only taken into ac-
count the relative simple model of guiding center atoms [GO91]. The results of the
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ATRAP Collabaration have however stimulated along with the results published by
the ATHENA Collaboration new studies of the formation mechanism, see for example
[Dri04, GBO104, BD04, KO04a, KO04b, Rob04, RH04] and certainly many more will
follow. A theoretical paper by Vrinceanu et al. [VGPT04] suggests to characterize the
highly excited and highly magnetized antihydrogen atoms by their radii in the plane
perpendicular to the magnetic field of the Penning trap which yields typical radii of the
detected antihydrogen atoms in the range between 0.4 ym and 0.15 gm. The radii of
the deepest bound atoms are below 0.1 ym. According to [GSST05] the GCA approxi-
mation breaks down for atomic radii below 0.14 um and hence antihydrogen atoms that
are too deeply bound to be described by the GCA-model have been detected for the
first time.

The kinetic energy of the weakest bound atoms could be measured to about 200 meV
which corresponds to an antihydrogen velocity of about 6200m/s. The kinetic energy
of these atoms is too hot to allow trapping in a neutral particle trap. For at least
one deexcitation collision to occur while passing through a 1 mm positron cloud, the
antihydrogen velocity needs to be below 9100m/s, a velocity that is comparable with
the measured antihydrogen velocity. Thus the weakest bound antihydrogen atoms are
probably formed from only one deexcitation collision. The simple model given in sec-
tion 4.4 suggests that a positron plasma with lower density, shorter length and higher
temperature should produce — somehow counter—intuitively — antihydrogen atoms with
lower velocities. Moreover, by use of a weaker rf—drive and deeper potential wells for
the nested Penning trap the mean antihydrogen velocity might be reduceable.



Chapter 5

Trapped Antiprotons exposed to
Laser Light

5.1 Introduction

In this chapter experiments in which trapped antiprotons have been exposed to laser
light are presented. These experiments have been carried out against the background
of the future ATRAP project to confine antihydrogen atoms in a combined Penning—
Ioffe trap and then to carry out laser spectroscopy on the stored antihydrogen atoms.
A consequence of the ultra-low pressure of about 5 x 10717 torr (section 2.4.2) that
exists in the trap can is the long lifetime of trapped antiprotons. Similar lifetimes of
trapped antiprotons are expected because the collision cross section of antiprotons and
antihydrogen atoms with background gas are of similar size. Laser light in the trap
might however cause an increase of the pressure for example by liberating adsorbed
gases from cryogenic surfaces. The purpose of the experiments presented in this chapter
is therefore to investigate if laser light induces any extra loss on trapped antiprotons
and therefore to investigate if laser experiments on trapped antihydrogen might be
feasible. For these experiments, a Titanium:Sapphire laser system has been built which
is described in section 5.2. In order to deliver the laser light into the inside of the hbar2
electrode stack, new electrodes have been designed which are presented in section 5.3.
The experimental studies carried out on trapped antiprotons are presented in section
5.4. The chapter ends with a summary and conclusion given in section 5.5.

5.2 The Titanium:Sapphire Laser System

In this section, the design and the specifications of the Titanium:Sapphire laser system
are presented. The laser system is depicted schematically in Fig.5.1. It consists of the
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Figure 5.1: Setup of the Titanium Sapphire laser system. The pump laser is a Coherent
Corona, which emits green light at 532nm. P is a glass plate which is AR—coated on
one side. A fraction of about 4% of the laser power is deflected from P and used to
measure the wavelength via the wavemeter (WM). The remaining laser power is focused
by a lens (L) with focal length of 5mm into the type II optical fiber that guides the
light into zone I.

actual Titanium:Sapphire laser and a pump laser, which is a Coherent Corona laser,
a commercial, Q-switched, diode-pumped, intra-cavity frequency doubled Nd:YVOy4
laser. This laser was borrowed from the group of Kjeld Eikema (Vrije Universiteit,
Amsterdam, NL). It emits green laser light at a wavelength of 532 nm in pulses with a
length of about 160 ns. The pulse repetition rate is adjustable between one and 25 kHz,
and the output power is adjustable from zero to 75 W. The laser light emitted by the
Titanium:Sapphire laser is focused by a lens (L, focal length 50 mm) into the type
IT optical fiber (section 2.4.3) which delivers the light to the experimental zone I. A
fraction of about 4% of the laser power is deflected of a single-sided AR coated plate
(P) which is used to measure the wavelength via a Highfinesse WS/7 [Hig] wavemeter

The basic design of the Titanium:Sapphire laser is a copy of the system described in
the PhD thesis of R. Horn [Hor03] and is shown schematically in Fig.5.2. The laser
consists of a z—type laser resonator which is formed by the mirrors M1, M2, M3, and
M4, a Titanium:Sapphire laser crystal, a Lyot filter and a Fabry—Perot etalon. The
specifications of the four mirrors are:

e M1: material: fused silica, diameter: 17, thickness: 1", reflectivity: 75 % at the

8
center wavelength of 820 nm

e M2 and M3: material: BK7, diameter: 1”, thickness: %”, reflectivity: > 99 %
at the center wavelength of 820 nm, transmittivity: > 99 % at the wavelength of
532nm, the mirrors are concave spherical mirrors with a radius of curvature of
r = T7Hmm

e M4: material: BK7, diameter: 1”, thickness: i”, reflectivity: > 99% at the
center wavelength of 820 nm.
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Figure 5.2: Design of the Titanium:Sapphire laser.

The Titan:Sapphire crystal has a diameter of 6.35mm and a length of 20mm. Both
end surfaces are cut in the Brewster angle. The outer surface is wrapped in a 0.2 mm
thick indium foil in order to heat sink the crystal to a home-made water cooled copper
block into which the crystal is bracketed. The copper block is mounted in an angular
adjustment stage (Owis, product number 14.439.2001) by which the crystal can be
turned around its center axis for optimal alignment. The pump beam is focused by the
lens (L focal length 88.3 mm) through the mirror M2 into the laser crystal.

The laser wavelength is continously tunable by use of the Fabry—Perot etalon and the
Lyot filter. The Lyot filter (Coherent, Part-Nr.0157-415-0) consists of three quartz
plates. The ratio of the thicknesses of the three plates is 1:4:16. The free spectral range
(FSR) of the thickest plate is 208 cm™! for a wavelength of 600 nm [Hor03]. The Lyot
filter is held by a home-made mount through which it can be turned around the axis
given by the direction of the laser beam.

The Fabry-Perot etalon is made of BK7 and has a diameter of 25 mm and a thickness
of 0.3mm. The free spectral range is FSRppg = 330 GHz. Both etalon sides are coated
so that the reflectivity per side is Rppg ~ 67 % for a center wavelength of 820 nm. The
Finesse Fppg is then Frpr = v/ Rppr/(1 — Rppr) ~ 8, where the relation between the
Finesse and the reflectivity is taken from [Dem95]. The etalon is held by an optical
mount (Thorlabs KC1-T/M) through which the etalon can be tilted around the two
axes which are perpendicular to the direction of the laser beam.

The repetition rate of the Titanium:Sapphire laser is given by the repetition rate of
the Corona. The pulse length of a Titanium:Sapphire laser pulse has been measured to
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Figure 5.3: Output power of the Titanium:Sapphire laser as a function of the pump
power delivered by the Coherent Corona. The horizontal error bars are observed fluctu-
ations of the pump power. The vertical error bars are fluctuations of the output power.
The pump power has been read of the control unit of the Corona laser system.

wavelength tuning range 770-845nm

output power see Fig.5.3
pulse repetition rate f., 1-25kHz
pulse length 7pyse 20-25ns

Table 5.1: Specifications of the Titanium:Sapphire laser. The pulse repetition rate of
the Titanium:Sapphire laser is identical to the pulse repetition rate of the pump laser.

be between 20 and 25ns, and the tuning range has been measured to be between 770
and 845nm. Fig. 5.3 shows the average output power of the Titanium:Sapphire laser
as a function of the pump power. A straight line has been fitted to the experimental
data by use of Sigmaplot [Sig]. The fit yields the functional form for the output power
P, =1739-PF,, —208.0, where P, is given in mW with respect to the input power P;,
of the Corona given in W. For completeness and further reference, the specifications
of the Titanium:Sapphire laser that are relevant for the experiments presented in this
chapter are summarized in Tab.5.1.
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Figure 5.4: Laser electrode. The optical fiber is glued into the fiber plug which is
plugged into one of the four fiber holders. The fourth fiber holder is on the back and
therefore not visible in the figure.

5.3 Laser Electrodes

New electrodes have been designed in order to expose antiprotons and antihydrogen
atoms to laser light. These electrodes are referred to in the following as laser electrodes.
A laser electrode is depicted in Fig. 5.4. It contains four holes into which the fiber holders
are soldered into (the fourth fiber holder is on the back side and therefore not visible
in Fig.5.4). Each end of the two type II optical fibers is glued (Emerson Cumming,
Stycast 2850 FT with Catalyst 24 LV) into the so called fiber plug, so that the fiber
tip pokes out of the fiber plug but by not more than one millimeter. The fiber plug
is depicted on the left side of Fig. 5.4 along with the optical fiber. Due to this design,
the optical fiber can be installed in situ into a laser electrode which is mounted in the
electrode stack. The dimensions of the laser electrode are given in Fig.5.5a, which
shows a cut through the laser electrode that lies in the plane defined by the center axis
of two opposing holes. Fig.5.5b and ¢ show cuts through the fiber holder and fiber
plug, respectively. The dimensions of the inner and outer radius as well as the height
of the laser electrodes are chosen to be identical with the T—electrodes of the hbar2
apparatus. For the experiments presented in the following, the electrodes T4 and T7
of the hbar2 apparatus (see Fig.2.7b) have been replaced by two laser electrodes and
an optical fiber has been installed in both laser electrodes.

The mode of operation of a laser electrode is explained by use of Fig.5.6. This figure
shows a cut view of the assembly of two laser electrodes with an optical fiber installed
into the upper electrode. As has been pointed out before, it is ensured that the optical
fiber does not poke out of the fiber plug by more than one millimeter. The optical fiber
is therefore not ‘visible’ for particles that are stored in the laser electrode, because the
fiber is located as seen from the particles stored in this electrode behind the inner surface
of the laser electrode. The optical fiber, which is an insulator and might electrically
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Figure 5.5: a) Basic design of the laser electrodes. b) Fiber holder, which is soldered
into the holes of the laser electrodes. c¢) Fiber plug. The end of the optical fiber is glued
at the left side into the fiber plug so that the fiber tip does poke out but not more than
1mm on the right side. The three graphs are not intended to be technical drawings,
since for example the tolerances are not specified. All lengths are given in millimeters.
All pieces consist of OFHC copper and the surfaces are gold—plated.
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Figure 5.6: Cut view of the assembly of two laser electrodes. An optical fiber is installed
into the upper electrode.

charge up, does therefore not disturb the electric potential at the inside of the laser
electrode. The only perturbation on the electric potential might then arise from the
presence of the four holes in the otherwise plain inner electrode surface. The four holes
cause a quadrupolic perturbation on the electric potential, while a single hole would
cause an asymmetric perturbation and trapped particle clouds tend to be more stable
in quadrupolic perturbations than in an a symmetric perturbations. This is actually
the reason, why we have chosen to build in four instead of one hole which would be
sufficient for the installation of an optical fiber. The laser light emerges from the optical
fiber within an output cone, whose opening angle is as determined in section 7.2 about
25°. The angle of 48° which is indicated in Fig. 5.5 is chosen so that the output cone
of the laser light covers the center of the neighboring electrode as depicted in Fig. 5.6.
Particles stored or passing through the center of the neighboring electrode are thus
exposed to the laser light. The spot size of the laser beam in the center of this electrode
is about 5 mm.

5.4 Experiments on Trapped Antiprotons

5.4.1 Introduction

The availability of laser light within the electrode stack is a major improvement of the
design of the hbar2 Penning trap apparatus, since it allows for the first time to carry
out laser experiments on antihydrogen atoms. However, the change in the design might
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also cause problems. A problem might be that antiproton and positron clouds might
not be stable any more when trapped in a laser electrode due to perturbations on the
electric potential distribution caused by the four holes in the laser electrode. It has
been shown that this is not the case simply by storing antiprotons and positrons in a
laser electrode and by detecting no particle loss for several hours.

The situation could however change if the trapped particles are exposed to laser light.
The question if laser light delivered by the Titanium:Sapphire laser causes an increase
in antiproton loss is addressed by the experiments presented in the following.

5.4.2 Experimental Setup

A side view of the lower electrode stack from electrodes T2 to UB of the hbar2 Penning
trap apparatus is shown in Fiig. 5.7. In order to study the loss rate of trapped antiprotons
that are exposed to laser light, an antiproton cloud is stored in the center of the U1, U3
or T5 electrode and the laser light is sent into the electrode stack via the laser electrode
at T4. The output cone of the laser light is depicted in Fig. 5.7 by the red triangle and
as can be seen, antiprotons stored in T5 are directly exposed to the light, while when
stored in Ul or U3 they are exposed to stray light.

The laser light is sent into the electrode stack in a sequence of four consecutive ten
seconds long cycles with a ten seconds long break in between two cycles. The cycles
are produced by opening an optical shutter which is placed in front of the lens L (L is
shown in Fig.5.1) four times for ten seconds with a break in between of ten seconds.
The laser repetition rate is set to f,., = 5kHz and the wavelength is set to 820 nm. All
values of the laser power that are given in the following are measured in zone I at the
output of the optical fiber which delivers the light from the laser cabin into the zone
before this fiber is connected by use of a fiber to fiber coupler to the fiber installed in
the apparatus.

The antiproton loss rate is detected by monitoring the trigger count rate which is
measured by the ATRAP detector system as described in section 2.5.2.3.

5.4.3 Experimental Results

The experimental results presented in the following have been obtained from experi-
ments carried out during beam time 2003. The first set of experiments has been carried
out before a cesium beam, which is used for the experiments presented in chapters 6
and 7 has been run through the CS electrode. For these experiments, the measured
antiproton loss rates are given in Tab.5.2. As can be seen no loss at all is detected
for antiprotons stored in Ul and U3 up to laser powers of 810 mW, and no loss is also
detected for antiprotons stored in T5 up to a laser power of 590 mW.
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Figure 5.7: Part of the lower electrode stack from electrodes T2 to UB of the hbar2
apparatus. Laser light is sent into the electrode stack via the T4 laser electrode. The
light cone of the laser light is depicted by the red triangle. The antiprotons are stored
in the electrodes Ul, U3, and T5, while laser light is sent into the electrode stack and
the annihilation rate is monitored.

laser power — 225 mW 320 mW 400 mW 590 mW 810 mW
number of p — | 78000 60 000 60 000 60 000 74000

| electrode

U1 0 0 0 0 0

U3 0 0 0 0 0

Th 0 0 0 0 10-15

Table 5.2: The table shows the antiproton loss per second for an antiproton cloud stored
at the electrode indicated by the first column. The laser power and the total number
of trapped antiprotons are given at the top of the last five columns. The loss rates
have been measured in a trap where no cesium beam which is employed in experiments
described in chapters 6 and 7 has been run before.

In contrast, a loss of 10-15 antiprotons per second is detected for antiprotons trapped in
T5 and exposed to a laser power of 810 mW, which corresponds to an intensity of about
40kW/m? taking into account a spot size of 5mm in the center of the T5 electrode.
This antiproton loss only occurs during the time when the laser light is sent into the
electrode stack. After the shutter closes, the loss rate drops within one or two seconds
back to the usual background trigger count rate of 1.2s7!

Another set of experiments has been carried out after the cesium beam was running
through the electrode stack. In the very first experimental trial about 50 000 antiprotons
were stored in Ul and then exposed in four 10 second long cycles with a 10 second long
break in between two cycles to laser light at a power of 800 mW. The detected loss rate
has been 20 antiprotons per second. The particles were then moved to U3 where they
are closer to the laser beam. There, an antiproton loss rate of 5 per second has been
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detected under the same laser conditions. The particles were subsequently stored in T5,
where they have been directly exposed to the laser light. Employing again the same
laser conditions, a loss of 20 antiprotons per second has been detected. Finally the
antiprotons were moved back to Ul and a loss of 5-10 per second has been measured,
which is between a forth and a half of the loss rate measured previously in this electrode.

The experimental results can be interpreted as follows. Cesium atoms are adsorbed due
to cryopumping at the inner surfaces of the 4.2 K cold electrodes while the cesium beam
is running through the electrode stack. The laser beam locally heats up the electrodes
and therefore liberates cesium atoms. The freed cesium atoms can annihilate with the
trapped antiprotons and as a result cause an increase of the antiproton loss rate. They
get however also readsorbed by other locations that remain at 4.2 K so that as a net
effect the number of liberated cesium atoms decreases from one experimental trial to
the next.

As a consequence of this interpretation, we have put about 0.5 W of laser light for
about one minute into the electrode stack after the cesium beam was running again.
We could then measure an antiproton loss rate which is of similar size as the antiproton
loss given in Tab.5.2 for similar laser conditions. By these experiments, we therefore
have demonstrated that trapped antiprotons are stable when exposed to a laser power of
up to 590 mW. An increase of antiproton loss after a cesium beam was running through
the electrode stack could be cured by shining laser light into the electrode stack before
accumulating antiprotons and exposing them to laser

5.5 Summary and Conclusion

In this chapter, the first experiments on trapped antiprotons exposed to laser light have
been presented. A Titanium:Sapphire laser system has been built and the electrodes
with integrated optical fibers have been designed. The experiments have shown by ex-
posing antiprotons to laser light that the laser light does not cause an antiproton loss
for laser powers up to 590 mW. Moreover, a higher loss due to cesium atoms adsorbed
to the inner surface of the electrodes could be cured by sending laser light of about
500 mW for about one minute into the electrode stack. This is a very important result
against the background of the future ATRAP project to confine antihydrogen atoms in
a combined Penning—loffe trap and then to carry out spectroscopy on trapped antihy-
drogen. The reason is that the zero or low loss of trapped antiprotons induced by laser
light indicates that a comparable loss rate can be expected for trapped antihydrogen
atoms when exposed to comparable laser power. Thus it indicates that spectroscopy of
antihydrogen in a combined cyrogenic Penning—Ioffe trap might be feasible with respect
to antihydrogen losses due to laser light.



Chapter 6

Antihydrogen via a Two—Stage
Rydberg Charge—Exchange Process

6.1 Introduction

In this chapter, the first experiment by which cold antihydrogen atoms were produced
via charge-exchange collisions between stored antiprotons and Rydberg positronium
atoms (Ps*) is presented [SSST04]. A positronium atom is the bound state of a positron
(e*) and an electron (e”). For an overview of its general properties, see for example
[Ric81]. The initial idea to produce antihydrogen in charge—exchange collisions between
trapped antiprotons p and ground state positronium atoms (Ps) according to

p+Ps— H+e (6.1)

was proposed by Humberston et al. [HCJD87]. The counterpart process in which a
proton is substituted for an antiproton has been used for the production of hydrogen
[MBC*97] but the observed rate was low and many fewer antiprotons than protons are
available, so no attempt has been put forward to produce antihydrogen by this method.

Charlton [Cha90] however pointed out that the charge—exchange cross section o, of
collisions between antiprotons and positronium atoms with principal quantum state n
scales as the fourth power of n with respect to the charge—exchange cross section o of
collisions between antiprotons and ground state positronium, o, o ogn?. The antihy-
drogen formation rate is therefore enormously larger if Rydberg positronium atoms are
used instead of ground state positronium atoms. This antihydrogen formation process
can be schematically described by

p+Ps*— H +e . (6.2)

Here, H* refers to an antihydrogen atom in a Rydberg state. Trapped antiprotons are
readily available at the ATRAP experiment. The difficulty to implement this formation
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Figure 6.1: A schematic overview of the experiment is depicted.

process in our Penning trap has been the production of the Rydberg positronium atoms.
Since positrons can also be routinely trapped in the ATRAP Penning traps, we followed
the route proposed by Hessels et al. [ HHC98], where Rydberg positronium atoms are
produced in foregoing charge-exchange reactions between trapped positrons and Ry-
dberg cesium atoms (Cs) which were excited by laser light in a two—step excitation
scheme to a Rydberg state. The production process can be summarized by

Cs+ hv (~ 852.2nm) + hv (~ 510.6 nm) — C's* (6.3)
Cs*+et — Ps*+Cs* (6.4)
Ps*+p— H*+e. (6.5)

A schematic overview of the experiment is depicted in Fig.6.1. The yellow regions
indicate from left to right trapped positrons, trapped antiprotons, and an initially
empty trap which is used for antihydrogen detection. The cesium atoms come from
a cesium oven located outside the Penning trap electrode stack and are excited by
a two-step excitation scheme according to Eq.6.3 to a Rydberg state. A simplified
excitation scheme is depicted schematically in Fig.6.2. A diode laser at about 852.2 nm
excites the cesium atoms from the 65, ground state to the 6Ps/, state (D, line)
from which the atoms are excited by a copper vapor laser at about 510.7nm to a
state which would be the 37D state for the case of zero magnetic field. The neutral
positronium atoms formed in charge-exchange collisions according to Eq.6.4 are not
sensitive to the trapping fields and therefore leave the region and a fraction collides
with the trapped antiprotons. Antihydrogen atoms in highly excited states are then
formed in charge-exchange reactions according to Eq.6.5. The neutral antihydrogen
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Figure 6.2: A simplified depiction of the two—step excitation scheme.

atoms are also insensitive to the trapping fields and move out. A small fraction of the
antihydrogen atoms enters the antiproton detection trap. They are field-ionized by the
electric field present at the edge of the detection well and similar to the experiments
presented in chapter 4, the antiprotons are deposited in the detection well in order to
be detected background—free at the end of an experiment.

As mentioned before, trapped antiprotons and positrons are readily available. They can
be loaded and stored in the Penning trap apparatus by methods described in chapter
3. The challenge of this experiment has been the implementation of a cesium beam in
the Penning trap apparatus and the development of a laser system by which the cesium
atoms are excited effectively to a Rydberg state. Most of this chapter is therefore
devoted to a detailed description of the excitation scheme and of the setup for the
Rydberg cesium beam.

In the subsequent theoretical overview, the excitation scheme is discussed theoretically
and the calculated properties of the two—stage charge—exchange process as given by
Eq.6.4-Eq.6.5 are presented. In section 6.3 the experimental setup in the Penning
trap apparatus and the basic properties of the laser system are described. The actual
experiment has been carried out in three steps. In a first step it has been demonstrated
that cesium atoms have been excited by the diode laser from the 65/, state to the 65/,
state. This is presented in section 6.4.1. In a second step we have demonstrated that
Rydberg cesium atoms have been produced in a two-step excitation scheme according
to Eq.6.4.2. In a third step, a complete antihydrogen experiment according to Eq.6.3—
Eq. 6.5 has been carried out which is presented in section 6.4.3. This chapter ends with
a summary and conclusion which is given in 6.5.
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6.2 Theoretical Overview

In the following, a theoretical overview of the production process given by Eq.6.3-6.5
is presented. The overview is organized as follows. In section 6.2.1, the laser excitation
scheme employed for the production of Rydberg cesium atoms is discussed, while in
section 6.2.2 the properties of the two consecutive charge—exchange processes given by
Eq.6.4 and Eq.6.5 are described.

6.2.1 The Excitation Scheme
6.2.1.1 Excitation Efficiency

The choice of the excitation scheme which is depicted schematically in Fig.6.2 and
which is used for the production of antihydrogen is somewhat arbitrary since the only
requirement for the production of antihydrogen via Eq. 6.3-Eq. 6.5 is the availability of
Rydberg atoms. Maximilian Herrmann [Her03] therefore investigated this excitation
scheme and four alternative schemes when working on his diploma thesis. All schemes
are tabulated in the first column of Tab.6.1. For each excitation scheme, he solved
rate equations of the population dynamics of the corresponding atomic states. He has
taken realistic parameters for commercial available lasers that are suited to induce the
various transitions and the experimental setup of the ATRAP experiment into account.
However, he neglected the presence of the strong magnetic field. The excitation ef-
ficiency which is given in the second column of Tab.6.1 is defined as the probability
that a cesium atom is excited to the final state. The calculations indicate that the
chosen scheme yields an excitation efficiency of 23.7%. Only the excitation scheme
6S1/2 — TP32 — 50D5/5 can be excited with a higher efficiency of about 32.8 %. We
have however chosen not to employ this scheme because the Rydberg cesium atoms pro-
duced by this scheme are more sensitive to the electric field present in the Penning trap
region. The reason is that the final state has a principal quantum number of n = 50
and is therefore according to Eq. 4.8 ionized by an electric field of about 45V /cm, while
a n = 37 state is ionized by an electric field of about 150 V/cm.

6.2.1.2 The 65,/ — 65/, Transition in 0 T and in the Magnetic Field of the
Penning Trap

In order to excite the cesium atoms effectively from the 65/, state to a Rydberg state,
the first transition induced by a diode laser has to be saturated. As a consequence, the
diode laser frequency has to be stabilized to a transition frequency of the Dy line. The
transition frequencies of the cesium D, line have been measured for the case without
any magnetic field with an absolute accuracy of 110 kHz by Udem et al. [URHKO00]. The
strong magnetic field of the Penning trap shifts however the transition frequencies. In
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Transition Sequence Excitation Efficiency
6512 — 6P30 — 37D5)5 23.7%
6S1/2 — 50P3/5 1.5%
651/2 — 7P3/2 — 50D5/2 328%
651/2 — 6P3/2 — 751/2 — 50P3/2 09%
651/2 — 6P3/2 — 851/2 — 50P3/2 0.2 %

Table 6.1: Possible excitation schemes for the production of Rydberg cesium atoms are
given along with the corresponding excitation efficiencies. The excitation efficiencies
are taken from [Her03].

order to measure the transition frequencies on the cesium beam running in the Penning
trap apparatus we have calculated in a first step the level scheme and the shifted
transition frequencies of the D, line for a magnetic field in the range between 5.3 and
55T.

As a starting point, we used the well known level structure of the cesium D, for the
zero magnetic field case [Ste02]. The level structure of the 65/, and 6P5), state is
depicted in Fig. 6.3a. The transition additionally shows hyperfine structure which is due
to the I = 7/2 nuclear spin of cesium—133. The quantum number of the total angular
momentum is labeled by F. F can take the values |J—I|, |J—I+1|,...,|J+I—=1],|J+1].
For the S state, J = 1/2 which results in a splitting into two levels with F' = 3 and
F = 4. For the P state, J = 3/2 which results in a splitting into four levels with
F =234, andb.

The selection rules for optical transitions between the hyperfine components are AF =
0,%+1. Udem et al. [URHKO0] have obtained for the splitting of the hyperfine centroids,
depicted to the left in Fig. 6.3a the frequency

fp, = 351.725 718 50(11) THz. (6.6)

A magnetic field in the range between 5.3 and 5.5 T destroys the coupling between [
and J to F. We are in the Paschen—Back regime for the hyperfine structure [Ste02],
where F' is not a good quantum number. Additionally we are in the Zeeman regime
for the fine structure, where J is still a good quantum number [Ste02] As a result, the
hyperfine levels split with respect to their magnetic quantum number m; and m;. For
the case of the 65/, state, my = £1/2 and m; = =7/2... 4 7/2. The energy shift
AEﬁSl/Q(mJ, my) for a given m;, m; sublevel with respect to the 65/, centroid is given
by [Ste02]

AFEss, ,(mg,mr) = ges, , 15 Bomy + Ags, ,mrmg — ges, , i Bomi. (6.7)

For the case of the 6Py state, m; = £1/2,43/2 and m; = —7/2...+7/2. The energy
shift AEGPS/Q (mg, mp) for a given m , m; sublevel with respect to the 65/, centroid is
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Figure 6.3: Cs level structure of the 65/, and 6P/, state for 0T and 5.3T.
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Magnetic Dipole Constant A651/2 h x 2.298 1579425 GHz
Magnetic Dipole Constant Agp, , h x 50.275(3) MHz
Electric Quadrupole Constant Bgp, , —h x 0.53(2) MHz
Fine Structure Landé g-factor g;(651/2) 2.002 540 32(20)
Fine Structure Landé g-factor g;(6Ps2) 1.3340(3)
Nuclear g-factor g; 0.000 398 853 95(52)
Planck’s constant h 6.626 0755 x 1073* Js
Bohr magneton pp 9.2740154 x 10724 J/T
Nuclear magneton fi, 5.0507866 x 10727 J/T

Table 6.2: The table gives the values used to calculated the frequency shifts due to the
magnetic field. All values are taken from [Ste02].

given by [Ste02]

AFEesp,,,(my,mr) = gep,,, s Bomy + Asp,,,mimy — gep, , 1 Bomr

3(mimy)* + 3mymp — 11 +1)J(J +1) (6.8)
2J(2J —1)I(2I —1) '

Numerical values for the constants used in Eq. 6.7 and 6.8 are given in Table6.2. By use

of Eq. 6.7 and 6.8 the level scheme of a cesium atom exposed to the magnetic field of the
Penning trap can be calculated. The level scheme for B = 5.3 T is given in Fig. 6.3b.

+ Bgp, /2

The selection rules for optical transitions are given by Amj; = 0,4+1 and Am; = 0
[HW96]. We have chosen to excite from the 65;/5, m; = +1/2 state to the 6Py, m; =
+3/2 state because it is a cycling transition. This means that an excited atom can only
decay to the initial state. From Am; = 0 follows that there are eight possible transitions
between the hyperfine components of the 654 /2, m; = +1/2 and 6P3/5, m; = +3/2 state
with the same m; quantum state. The transition frequencies are then given as a function
of my and of the magnetic field B by

f(mh B) = fD2 _'_ AE6P3/2(23/27 mI) - AEGSI/Q (21/27 mI)u
where Eq.6.7 and Eq.6.8 have been used and h is Planck’s constant. In Fig.6.4 the
transition frequencies of the Dy line are plotted as a function of the magnetic field
ranging from 5.3 to 5.5T. It can be seen from the graph, that the frequency spacing
between neighboring lines is about 1 GHz. The diode lasers which are used to excite a
transition have a linewidth of a few hundred kHz as will be described in section 6.3.2.1
and therefore one transition out of the eight can be excited per diode laser.

(6.9)

6.2.1.3 Excitation from the 6/, State to a Rydberg State

The copper vapor laser whose properties will be given in section 6.3.2.2 emits green laser
light at a fixed wavelength of 510.7 nm which corresponds to a frequency of foyp ~
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Figure 6.4: The calculated transition frequencies are given as a function of the mag-
netic field ranging from 5.3 to 5.5T. The highest frequency corresponds to a transition

between states with a magnetic sublevel of m; = —7/2, the second highest frequency
correspond to a transition between states with a magnetic sublevel of m; = —5/2 and
o on.

’I’LSl/Q TLD5/2
n=36 511.1nm 510.8nm
n =237 510.9nm 510.7nm
n =38 510.7nm 510.5nm
n=39 510.6nm 510.4nm
n=40 510.4nm 510.3nm

Table 6.3: Rydberg states that are separated by about 510.7nm from the 6P5/, state.

587 THz. It is used to excite the cesium atoms from the 6P/, state to a Rydberg state.
As mentioned in the introduction, the laser excites the atoms to a state which would
be 37D if no magnetic field would be present. In this section, the final Rydberg states
will be discussed in more detail.

Let us start with a determination of the atomic states to which the cesium atoms can
be excited from the 6FP3/; centroid by the copper vapor laser for the zero magnetic
field case. In this case, the principal quantum numbers of the Rydberg states can be
calculated by use of the modified Ritz formula [WS87]

R
(n = pn)?’

which gives the energy E(n) in wavenumbers of the energy level with principal quantum

E(n) = By — (6.10)
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TLSl/Q 7’LD5/2
E. 31406.46796cm™! 31406.46765cm ™"

A 4.0493566(38)  2.46631524(63)
B 0.2377037 0.013577
C 0.255 401 -0.37457

Table 6.4: Numeric values used in Eq.6.10. The values are taken from [WS87].

number n with respect to the 6S5;/, ground state. Here E, is the ionization limit, I
is the Rydberg constant (109 736.86224 cm™! for '33Cs [WS87]) and p,, is the quantum
defect given by

B c
~ A . 11
o M AT A T Ay (O

The values for £, A, B, and C are given in Tab. 6.4 for a nS;; and a nDs/, state, since
according to the selection rules for electric dipole transitions a single photon transition
from the 6P state can only be induced to a S or a D state. The transition frequency
f(n) of a transition from the 6P5/; centroid state to a Rydberg state with principal
quantum number n is then given by

f(n)=100-c- E(n) — fp,. (6.12)

Here, fp, is given in Eq. 6.6 and c is the speed of light. The principal quantum number
n of Rydberg states which are approximately separated by fcy from the 6P/, state
can then be calculated by solving f(n) = fevy for n. This yields for both, n.S;/, and
nPs3/y final states with principal quantum numbers in the range between n = 36 and
40. The states are tabulated in Tab. 6.3 along with the corresponding wavelengths. As
can be seen, the 37D5/; state and the 3853/, state are separated by 510.7nm from the
63/, state. They are however still off resonance, but the 37Ds5 /5 state only within a few
GHz. The copper vapor laser is a pulsed laser and has a linewidth of about 6 GHz, the
copper vapor laser would excite to to 37D5/, state for the case of zero magnetic field.
The excitation scheme from the 63/, state to a Rydberg state is depicted schematically
for the above calculated zero magnetic field case to the left of Fig. 6.5.

The presence of the strong magnetic field of the Penning trap apparatus changes however
the level structure. The level structure of the cesium Rydberg states in a ~5.3T
magnetic field is not an easy task to calculate. The reason is that at a magnetic field
strength of about B iticar = 8.3(%)3 Tesla [RGHW94], the Lorentz force on the valence
electron is similar to the Coulomb force caused by the atomic core on the valence
electron. In B.itica, n is the principal quantum number of the Rydberg state. With
n = 37, Beriticw = 4.4'T confirming that we are in the range where the Lorentz force
is of similar size than the Coulomb force. The Lorentz force cannot be treated any
more as a perturbation on the Coulomb force as it has been the case for the 65/, and
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Figure 6.5: The second excitation step to a Rydberg state is shown for the zero magnetic
field case and schematically for the 5.3 T magnetic field case.

6P3/5 states and the full Hamiltonian for a cesium atom has to be solved numerically.
This has so far only been achieved for the case of a Rydberg hydrogen atom in a strong
magnetic field by the use of supercomputers [RGHW94]. We therefore restrict ourselves
to some plausible explanations and are comfortable with the experimental detection of
the production of Rydberg cesium atoms presented in section 6.4.2.1.

The effect caused by a magnetic field of ~5.3T is that it mixes the different Rydberg
n states of cesium atoms [Gal93]. As a result, a whole manifold of lines is created with
some S and D character which are accessible from the 6P;/; state by laser light at
510.7nm. The transition from the 6P/, state to the Rydberg state in a 5.3 T magnetic
field is depicted schematically to the left in Fig. 6.5. The Rydberg states in the magnetic
field are now depicted graphically by a band, but is has be pointed out that this region
still consists of many well separated lines.

6.2.2 The Two—Stage Charge—Exchange Process

In this section, the two—stage charge-exchange processes as described by Eq.6.4 and
Eq. 6.5 are discussed theoretically. Charge-exchange collisions between ions and Ryd-
berg atoms have been studied intensively for various types of atoms and ions. For a
general overview, see [Gal93] and references therein. It has been found that charge-
exchange collisions have extremely large cross sections at the order of the geometric
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area of the Rydberg atom. The geometric area of a Rydberg atom is approximately
given by ma2n?, where ag is the Bohr radius and n is the principle quantum number of
the Rydberg state.

For the calculation of charge-exchange cross sections classical trajectory Monte Carlo
(CTMC) methods are commonly employed [Gal93]. In these calculations, the incoming
ion, the ion at the core of the Rydberg atom, and the Rydberg electron are all treated
as classical particles and their trajectories are obtained by integrating the Newtonian
equations of motion. A set of initial conditions for the Rydberg electron is chosen to
correspond to the quantum numbers n and [ of the Rydberg electron. At the end of
the collision, the final trajectory of the electron is analyzed to determine whether it has
been captured by the ion, and to determine its state from its final energy and angular
momentum. Hessels et al. [HHC98] conducted CTMC calculations for the two-stage
charge-exchange process described by Eq.6.4 and Eq.6.5. Their numerical results are
presented in the following, because their results are quite useful for the interpretation of
our experimental results, since they took the experimental parameters of the ATRAP
experiment into account. That is that they assumed the positrons and antiprotons
to reside at a temperature of 4.2 K and they assumed that the Rydberg cesium atoms
travel with an average speed of about 300 m/s towards the positron cloud. This velocity
is reasonably close to the mean velocity of the cesium atoms in the actual experiment.
As will be described in detail in section 6.3.1, the cesium atoms come from a cesium
oven heated to a temperature of about T=317 K which yields a mean velocity of

T
vos = 1) 2FEL 950 ™, (6.13)
Mmes S

where kg is Boltzmann’s constant and m¢s = 133m,, the atomic weight of cesium. Hes-
sels and coworkers however neglected the strong magnetic field present in the ATRAP
Penning trap apparatus. But it has been shown theoretically and experimentally, that
the presence of magnetic or electric fields does not greatly affect charge—exchange cross
sections [HEHP193, W093, HCH94, MHMS97].

In their simulations, they assumed that the cesium atoms have been excited to a n =
50 state. For the first charge—exchange process described by Eq.6.4, they obtained
from the CTMC calculations the charge—exchange cross section as a function of the
final positronium n states as depicted in Fig.6.6. For the second charge—exchange
process described by Eq.6.5, they obtained the charge-exchange cross section as a
function of the final antihydrogen n state distribution as depicted in Fig.6.7. Note
that both n state distributions are sharply peaked. The final n state distribution
for positronium is sharply peaked near np, = n¢s/v/2, which is due to the fact that
the binding energy is approximately conserved before and after the charge-exchange

process. The positronium binding energy is Eps = —;Z%d and the cesium binding
Ps

energy is Fogs = —nyd. Here Ryd is the Rydberg energy (~ 13.6eV). The same energy
C

conservation argumerslt holds approximately for the second charge—exchange process and
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Figure 6.6: The calculated charge-exchange cross sections for the process described
by Eq.6.4 is depicted as a function of the final n state distribution of the formed
positronium atoms. The graph is taken from [HHC98].
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Figure 6.7: The calculated charge—exchange cross sections for the process described
by Eq.6.5 is depicted as a function of the final n state distribution of the formed
antihydrogen atoms. The graph is taken from [HHC9S|.
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according to the simulation the final n state distribution is very narrow and is centered
near n = 45 for ngs = 50. The narrow distribution of the final antihydrogen n states is
one of the advantages of this production scheme over the formation process in a nested
Penning trap, which has been described in chapter 4. There, the final state distribution
is spread over more than 25 n states. Another advantage is that one can directly control
the n state distribution of the formed antihydrogen. The reason is that the final n state
distribution depends on the cesium Rydberg state and this state is controllable via the
laser excitation scheme employed for its production.

As it has already derived in the previous section, Rydberg cesium atoms in a n = 37
state (neglecting the magnetic field) are produced by the excitation scheme employed
by us. Accordingly, we expect to produce Rydberg positronium atoms in states around
n = 26 and antihydrogen atoms in states with principal quantum numbers of about 32.
The peak in Fig. 6.6 corresponds to —Z— ~ 2.8, which yields ¢+ & 4.6 X 10~ m?

0°"C's

for ngs = 37. The peak in Fig. 6.7 corresponds to ——+— ~ 13.0, which yields ops_5 ~

ﬂ-a(%o;lPs
5.2 x 107" m? for np, = 26.

The calculations of Hessels and coworkers show that basically all trapped positrons
are transformed into Rydberg positronium leaving the positron trap isotropically. The
trapped antiprotons in our Penning trap apparatus can be stored at the minimum dis-
tance of about d = 0.6 cm away from the positronium cloud. The fraction of positronium
that enters the solid angle approximately given by ﬁ collide with the trapped antipro-
tons. For one experimental trial with N+ = 2 x 10° stored positrons and N, = 3 x 10°
stored antiprotons, ﬁaps*,pNeJer ~ 70 antihydrogen atoms are therefore predicted
to be produced which leave the production region isotropically.

6.3 The Experimental Setup

In section 6.3.1 an overview of the experimental setup which is used for the production
and detection of the Rydberg cesium beam is given. In section 6.3.2, the basic properties
of the diode laser and the copper vapor laser are presented.

6.3.1 The Penning Trap Apparatus

It has already been mentioned in section 2.4.2, that the hbar2 Penning trap apparatus
has been designed in order to carry out the experiment described in this chapter. In
particular the lower electrode stack from the electrodes U3 to L3 is designed for this
experiment. These electrodes have in contrast to such standard electrodes as T1-T7 a
height of only 5mm so that the distance between two particle clouds loaded into two
adjacent electrodes is reduced and the solid angle covered by a particle cloud viewed
from a neighboring cloud is enlarged. Additionally, the setup for the production and
detection of the Rydberg cesium beam is mounted around the CS electrode.
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Figure 6.8: Sketch of the experimental setup for the production and detection of the
Rydberg cesium beam. The cesium beam comes from an oven and is excited to a
Rydberg state by laser light which is sent into the Penning trap apparatus by an optical
fibers. The light reflects on a curved mirror and illuminates the cesium atoms again.
Thus, the laser power which excites the atoms is effectively doubled. The laser light
is focused by a mirror into a second fiber which guides it out of the Penning trap
apparatus. The photodiode is used to detect fluorescence light. The cesium beam
passes through the CS electrode and the Rydberg ionization plates are used to detect
the Rydberg atoms by field—ionization.
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A schematic drawing of the region around the CS electrode is given in Fig. 6.8. It shows
in the center the three electrodes UP, CS, and LP. The cesium beam is produced by the
cesium oven, which is depicted to the left. The cesium oven is a ~5mm? glass container
filled with a few milligrams of 95% pure cesium (Strem Chemicals). Its outer surface
is gold plated and electrically connected to the ground of the Penning trap apparatus,
which prevents the oven from charging up. The oven is normally at a temperature of
4.2 K. It can be heated by a current through a constantan wire which is wounded many
times around the oven. Its temperature is measured by a temperature sensor which is
mounted to the oven. Careful thermal isolation of this oven, heat sinking and thermal
shielding keep all other components in the vicinity of the oven close to liquid helium
temperature. The cesium beam emerges from the oven when it is heated well above the
melting point of cesium, which is 28.44°C at atmospheric pressure [Lid94]. We generally
operate the oven at a temperature of 317 K. The most probable velocity of the cesium
atoms is then according to Eq.6.13 given by ves &= 250m/s.

The cesium beam emerges from the oven nozzle and then passes through the laser
excitation region. There, a fraction of the cesium atoms are excited by a diode laser at
a wavelength around 852nm from the 65/, ground state to the 6P/, state (D, line)
from which they are excited by a copper vapor laser at a wavelength of about 511 nm
to a Rydberg state. The laser light of both lasers is guided from the laser cabin to the
excitation region by a silica multimode fiber (OFS CF01493-54). For this experiment,
two optical fibers are implemented in the Penning trap apparatus as described in section
2.4.3. Both fibers are mounted as shown schematically in Fig.6.8 right next to each
other so that the fiber ends are about 13 mm above the cesium beam. The laser light
which is delivered by the fiber to the left to the excitation region illuminates the cesium
beam, reflects from a spherical mirror and illuminates the cesium beam again. The
mirror focuses it into the second fiber which guides the light out of the trap apparatus.
This design ensures that as less power as possible is dissipated inside the cryogenic
system.

A large area silicon photodiode (15 mm?) that views the excitation region is mounted to
the frame which holds the spherical mirror and the oven. It is used to detect fluorescence
light due to the excitation from the diode laser. A green—blocking filter in front of the
detector prevents that stray light from the copper vapor laser is detected.

Horizontal and vertical tuning plates consisting of OFHC copper are placed around the
cesium beam in the excitation region. The copper vapor laser which excites the atoms
from the 6, state to a Rydberg state is at a fixed frequency. A voltage can be applied
to each tuning plate and as an effect an electric field is created at the excitation region.
In section 6.2.1.3 it has been calculated that the copper vapor laser excites the cesium
atoms to the 37Ds/, for the zero magnetic field case. Since the level structure of the
Rydberg cesium levels cannot be calculated in the presence of a strong magnetic field,
these tuning plates are foreseen to Stark—tune the Rydberg levels into resonance with
the fixed frequency laser in the case if no Rydberg atoms are detected by use of the
Rydberg ionization plates which are described below.
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The cesium beam enters the trapping region through a 0.3 mm aperture at the entrance
of a 1mm hole in the CS electrode and leaves through a second 1 mm hole on the
opposite side, where Rydberg ionization plates are mounted. Strong electric fields
(> 100 V/cm ) are produced between the plates because of the two tips when a voltage
is applied to one plate while the other is kept at ground. These plates are used to
field ionize the Rydberg cesium atoms. By measuring the fA—current produced by the
Cs™—ions or the electrons collected on one of the ionization plates, the production of
Rydberg cesium atoms can be proved.

6.3.2 Lasers
6.3.2.1 Grating—Stabilized Diode Lasers

We use grating—stabilized diode lasers for the excitation of the Dy line. The actual lasers
have been built by Maximilian Herrmann when he was working on his diploma thesis
and are extensively described therein [Her03]. They are basically copies of the diode
laser system developed by Ricci et al. [RWET95]. Very detailed information about
grating—stabilized diode lasers can be obtained from the two references cited above and
from [WH90]. This overview will therefore be rather short.

The mechanical setup is depicted in Fig.6.9. A diode laser, an optical collimator and a
diffraction grating are mounted on a metal block. The diffraction grating and the rear
facet of the laser diode form an external cavity. The grating is mounted in a Littrow
configuration where the first diffraction order is coupled back into the laser diode and
therefore the grating causes a frequency selective feedback. Single-mode operation can
be achieved and the linewidth is reduced to a few kHz [RWE*95]. The actual diode
lasers are of the type SDL 5411-G1 with a nominal output power of about 100 mW
which is reduced because of the grating to about 30 mW.

A course adjustment of the laser frequency is achieved by changing the micrometer
adjustment screw so that the laser frequnency is within a few GHz of the desired value
(usually, this needs only to be done when the diode laser is used for the first time). The
laser frequency is further controlled by changing the temperature of the laser system
through a Peltier element which is mounted below the metal block. A temperature
change causes a variation of the cavity length and thus a change of the resonance
frequency of the longitudinal modes of the cavity. The diode laser system is tunable
over several nanometers at a rate of about 0.3nm/K, however not continuously. The
phenomenon of mode hopping occurs [WH90]. In practice, the frequency is set by
varying the temperature closer than 2 GHz to the desired value.

Fine tuning is achieved by tweaking the laser diode’s drive current and the piezo—electric
transducer (PZT) which tilts the position of the grating. The laser frequency can be
tuned continuously by about 50 MHz by varying the drive current. We usually just
tweak the drive current in order to achieve single-mode operation and then tune the
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Figure 6.9: Mechanical setup of a grating-stabilized diode laser. [RWE™95].

laser via the PZT to the desired wavelength. If the voltage on the PZT is changed
slowly, for example at a rate of 0.1 V/s, then the laser frequency can be pulled by about
2 GHz without any mode hops.

6.3.2.2 The Copper Vapor Laser

The copper vapor laser is a turn—key system bought from Spectronika Ltd., Model
OM5WCVL Ogi. The laser specifications are given in Tab.6.5. As can be seen, it emits
20 ns long pulses at the fixed wavelengths of 510.6 nm and of 578 nm at a repetition rate
of between 19-20 kHz.

6.4 The Experiments

The experiment which has lead to the detection of antihydrogen atoms via a two—stage
charge-exchange process according to Eq.6.3-6.5 has been carried out in several steps.
At first it has been demonstrated in a series of preliminary experiments that the cesium
atoms are excited by the diode laser from the 6S5;,; ground state to the 6P;/, state.
These experiments are presented in section 6.4.1. In a second step the production of
Rydberg cesium atoms according to Eq. 6.3 has been demonstrated and this experiment
is presented in section 6.4.2.1. Finally, in a third step, the production of antihydrogen
via two consecutive charge-exchange processes according to Eq.6.3-Eq.6.5 has been
demonstrated which is presented in section 6.4.3.
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Average power 6.5 W
Wavelength 510.6nm , 578.2nm
Green/ yellow (gold) ratio 1.4/1
Pulse duration 30ns (FWHM)
(Green 20 ns
Yellow 20 ns)
Pulse repetition rate 19-20 kHz
Beam diameter 14 mm
Divergence 2.0mrad (full angle)
Pointing stability 0.2mrad typically
power stability less than £3 % absolutely

Table 6.5: Specifications of the copper vapor laser from Spectronika Ltd., Model
OMSWCVL Ogi [Spe]

6.4.1 Excitation from the 65/, Ground State to the 63/, State

In this section, the experiment by which we have demonstrated that a fraction of the
cesium beam running in the Penning trap apparatus is excited from a hyperfine level
of the ground state to a hyperfine level of the 65/, state is presented. This experiment
itself is carried out in several steps. It has been calculated in section 6.2.1.2 that
there are eight possible transitions between the hyperfine components of the 65/, and
the 6P/, state and that the lines are separated by about 1GHz. The line width of
a grating stabilized diode laser is a few 100kHz and thus only one out of the eight
transitions can be excited per diode laser stabilized to a transition frequency. However,
the appropriate transition frequency is not known apriori because the magnetic field of
the Penning trap apparatus is not known precisely enough. In a first step, a transition
frequency of the cesium atoms in the Penning trap had therefore to be measured. This
required a robust detection method, which is presented in section 6.4.1.1 and the actual
measurement of a transition frequency is presented in section 6.4.1.2. Once a transition
frequency had been measured, a method to stabilize the diode laser to the transition
had to be developed in order to effectively excite the atoms. This method is presented
in section 6.4.1.3. As a side product, the measured transition frequencies can be used to
determine the actual magnetic field in the Penning trap apparatus, which is presented
in section 6.4.1.4.

6.4.1.1 Demonstration of the Detection Method by Saturation Spectroscopy

The method employed to measure the transition frequencies of the D5 line has not been
developed directly on the cesium beam running in the Penning trap apparatus. The
reasons are that we intended to be as independent as possible on the proper functioning



6.4 The Experiments -95-

of the Penning trap apparatus and that we intended to run the cesium beam as little
as possible in order to preserve the ultrahigh vacuum of the Penning trap apparatus.
Instead, we developed the method presented in the following by spectroscopy on cesium
atoms situated in a cesium cell without any magnetic field. The cesium cell has been
at room temperature, which introduces an additional problem only relevant for this
external cesium cell and not for the excitation of the cesium cell within the Penning trap.
The problem is that the thermal motion of the cesium atoms broadens the transition
frequencies of the D5 line due to the first order Doppler effect to about

2 [2kgTIn?2
Atpoppler = X\/% ~ 375 MHz. (6.14)

where the formula has been taken from [EE98] and A = 852.2nm, kp is the Boltzmann
constant, 7' = 300 K, and m¢ is the atomic mass of Cs-133. The Doppler width is much
larger than the natural linewidth of the cesium hyperfine components (A f,.;. = 5.2 MHz
[Her03]) and it is also much larger than the separation of neighboring transitions, which
is at the order of 25-200 MHz [URHKO00]. Hence, the cesium hyperfine components can
only be resolved by a Doppler—free detection technique for the zero magnetic field case.
We have used a saturation spectroscopy technique which is a method to eliminate the
first order Doppler effect and therefore to resolve the hyperfine components. Saturation
spectroscopy on a cesium cell is intensively discussed in many publications, see for
example [Dem95] or [SKWM94| and we will therefore immediately continue with a
description of the experiment.

In a first saturation spectroscopy experiment, we have repeated the experiment carried
out by Udem et al. [URHKO00]. The experimental setup is shown in Fig.6.10. A small
fraction (~ 4 %) of the power in the laser beam which is coming from the diode laser
(LD) and which has passed an optical insulator (OI) is deflected at a single-sided AR
coated plate (AR) and guided into the fiber input of the wavemeter (WM), Model
Highfinesse WS /7 with an absolute accuracy of 100 MHz and a relative accuracy of
107", The other part of the laser beam is split by a beam splitter (BS) into a strong
pump beam and a weak probe beam. The intensities of the beams are adjusted by
two attenuator plates (A). The pump and the probe beam pass through the cesium cell
(Cs) in opposite directions. The pump beam is chopped by an optical chopper (C) and
the intensity of the probe beam is measured by a photodiode and a lock—in detector
(SRS SR 510) as a function of the laser frequency. Here, the chopper frequency serves
also as the reference frequency for the lock—in detector. The laser frequency is tuned
continously over the known transition frequencies [URHKO00] by modulating the PZT
with a 3V, triangular wave at a frequency of 0.01 Hz. The laser frequency and the
lock—in signal are recorded by a Labview VI on a computer (PC).

The result of a measurement is shown in Fig.6.11, where the signal from the lock—
in detector is plotted as a function of the frequency. Here, we have measured the
hyperfine resonances of the cesium D, line starting from the ground state total angular
momentum F, = 3 to the excited states F, = 2,3,4 and the cross over resonances
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Figure 6.10: Experimental setup for saturation spectroscopy on a cesium cell. The
symbols refer to: diode laser (LD), optical insulator (OI), single-sided AR (for 852 nm)
coated plate (AR), beam splitter (BS), attenuator plate (A), mirror (M), cesium cell
(Cs), optical chopper (C), photodiode (PD), lock—in detector (LI), computer (PC),
wavemeter (WM).
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Figure 6.11: Measurement of the hyperfine components of the D, line starting from the
6512, Fy = 3 state to the indicated 6P;,, I states.

F,=2,3 F, =2,4, and F, = 3,4. The crossover resonances occur if two components
within the Doppler width share a common level. In this case a velocity class of atoms
with v # 0 is probed giving rise to a resonance that is halfway in between the two
transitions [URHKO00]. We found the line center of the resonances by fitting the peaks
separately with a Lorentzian and linear background as shown in Fig.6.12. The result
is tabulated in Tab. 6.6 along with the corresponding exact transition frequencies given
in [URHKO0]. In the last column of the table, the difference frequency A f between the
measured values and the exact values is given. Af is therefore the absolute error of
the measurement. The measured values are on average 72.5 MHz below the absolute
values with a standard deviation of 2.2 MHz. It can be deduced from Tab. 6.6 that the
frequency spacing between adjacent transitions is measured with an accuracy of better
than 5 MHz. For example the spacing between the transition F; =3 — F. =2 and F, =
3 — F, = 3 is measured to 150 MHz and the precise spacing is 151 MHz. With these
measurement, we have demonstrated that the setup for saturation spectroscopy and
our data acquisition system worked correctly. Moreover, we checked the specifications
of the wavemeter, which enables us to measure transition frequencies with an absolute
accuracy of 100 MHz and a relative accuracy of better than 1077,

However, for a measurement of the transition frequencies of the cesium atom inside
the Penning trap apparatus, the reference signal for the lock—in detector had to be
generated differently. Simply chopping the laser beam does not work, because it is
not possible to prevent that any stray light is detected by the photodiode and since
the stray light is also chopped it is therefore detected by the lock—in detector as well.
Instead, the chopper is removed from the experimental setup depicted in Fig. 6.10 and
a reference signal is generated by a modulation of the PZT of the diode laser with a fast
313.3 Hz, 0.1V, sinusoidal signal superposed on the slow 0.01 Hz 3V, triangular wave.
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Figure 6.12: A Lorentzian has been fitted to the peak corresponding to the F, =
3 — F, = 2 transition, from which the center frequency is determined to f =
351.730 477 THz.

Transition fo [THz] fa [THZ] Af = fo — f. [MHz]
Fp=3—F =2 351.730477 351.730549611 -73
Fy=3—F, =23 351.730556 351.730625488 -69
Fp=3—F. =3 351.730627 351.730700 968 -74
Fy=3—F, =24 351.730651 351.730726043 =75
Fy=3—F,=3,4 351.730728 351.730801 568 -73
F,=3—F =4 351.730831 351.730902 214 -71

Table 6.6: The measured transition frequencies corresponding to the transitions indi-
cated in the first column are given in the second column. The absolute values as given
by [URHKOO] are given in the third column. In the last column, the difference is given,
which is the error of the measured values.
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Figure 6.13: Measurement of the hyperfine components of the D5 line starting from the
651/2, Iy = 3 state to the indicated 6Ps/9, I states. A first derivative signal is measured
because of the change in the modulation.

Transition fPZT [THZ] Afl = fPZT — fC [MHZ]
F,=3—F,=2  351.730471 -6
Fy=3—F =23 351.730554 -1
Fy=3—F, =3,4 351.730735 +7
F,=3—F =4 351.730 836 +5

Table 6.7: The measured transition frequencies fpzr of the transitions indicated in the
first column are given in the second column. The difference to the frequencies f¢ is
given in the last column.

The fast modulation corresponds to a frequency modulation of about 100 MHz. The
wavemeter measures the frequency on a time interval of 20 ms. The fast modulation is
therefore averaged out and as a result it does not disturb the frequency measurement.

The result of this measurement is shown in Fig.6.13, where the output signal of the
lock—in detector is plotted over the laser frequency. A first derivative signal is mea-
sured, because of the change in the modulation. The first derivative signals depicted
in Fig. 6.13 which correspond to the various peaks in Fig.6.11 are identified by a com-
parison of the two figures and the so found zero crossings of the first derivative signals
are marked in Fig. 6.13 by the quantum number F' of the excited state. As can be seen,
the two transitions F;, = 3 — F, = 3 and F, = 3 — I, = 2,4 cannot be resolved.
The reason is that these two transitions are separated according to Tab. 6.6 by about
25 MHz which is less than the fast frequency modulation of 100 MHz caused by the
modulation of the PZT. The transition frequencies of all other transitions are found by
fitting to the slopes separately the derivative of a Lorentzian with linear background as
shown in Fig.6.14 and the transition frequencies are given in Tab.6.7.
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Figure 6.14: A Lorentzian with linear background is fitted to the slope. The center
frequency is determined by the abscissa of the turning point of the Lorentzian. Here it
is 351.730471 THz.

The frequency spacing between the F;, = 3 — I, = 2 and the F;, = 3 — F, =
2,3 transition is about 83 MHz and the two lines are clearly resolved. It has been
calculated in section 6.2.1.2 that the frequency spacing between neighboring transitions
of the Dy line for the case of a cesium atom in the Penning trap magnetic field is
about 1 GHz. Therefore, these transition can be resolved by this detection method. In
conclusion, by carrying out saturation spectroscopy on a cesium cell, we have developed
and demonstrated a simple and robust method which can be applied to measure the
transition frequencies of the Dy line of the cesium atoms in the Penning trap apparatus
with an absolute accuracy of 100 MHz.

6.4.1.2 Measurement of the Transition Frequencies

In this section, the experiment carried out to measure the transition frequencies of the
cesium Ds line in the Penning trap apparatus is presented. The experimental setup is
shown schematically in Fig.6.15. A small fraction (~ 4%) of the power in the laser
beam which is coming from the diode laser (LD) and which has passed an optical
insulator (OI) is deflected at a single-sided AR coated plate (AR) and guided into the
fiber input of the wavemeter (WM), Model Highfinesse WS /7 with an absolute accuracy
of 100 MHz and a relative accuracy of 10~7. About 10 mW of the diode laser power is
focused into the optical fiber which guides the laser light to the excitation region as
described in section 6.3.1. The diode laser is set to a frequency of about 351.803 THz
and then tuned by about 1.5 GHz by 2V,,, 0.01Hz triangular signal applied to the
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Figure 6.15: The laser setup used to find the transition frequencies of cesium atoms in
the Penning trap apparatus.

PZT. It is therefore ensured that the laser frequency sweeps according to Fig.6.4 on
page 84 over a resonance. A fast 313.3Hz, 0.1V, sinusoidal modulation is superposed
on the slow modulation of the PZT, which causes a fast frequency sweep of about
100 MHz. When the laser frequency is on resonance, the cesium atoms are excited and
the photodiode viewing the excitation region detects fluorescence light. The photodiode
signal is measured with a lock—in detector with the fast modulation on the PZT as
reference signal. Here we have not employed a Doppler—free detection technique, since
the frequency spacing between neighboring transitions has been calculated in section
6.2.1.2 to be at about 1 GHz.

The measured signal of the lock—in detector is shown in Fig.6.16 as a function of the
laser frequency. The derivative of a Gaussian line is fitted to the data. The center
frequency is determined by the abscissa of the turning point of the curve, which yields
351803 770 & 100 MHz, where the error is due to the resolution of the wavemeter. The
full width at half maximum (FWHM) of the transition is determined by the frequency
spacing of the maximum and minimum of the dispersion curve which yields 46 +2 MHz.

In order to ensure that a real transition has been identified, the experiment is repeated
for a laser frequency which is close to 351.800 THz (according to section 6.2.1.2, the
fourth next transition with respect to the transition identified above should then be
detected). The detected signal is shown in Fig.6.17 as a function of the laser frequency.
The center frequency is determined to 351799 471 £+ 100 MHz and the FWHM is 57 &+
2 MHz.
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Figure 6.16: The lock—-in signal from the photodiode is depicted as a function of the laser
frequency. The derivative of a Gaussian line is fitted to the curve. The center frequency
is determined by the abscissa of the turning point which yields 351 803 770 + 100 MHz.
The line width is given by the FWHM, which is 46 + 2 MHz.
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Figure 6.17: The lock-in signal from the photodiode is depicted as a function of the laser
frequency. The derivative of a Gaussian line is fitted to the curve. The center frequency
is determined by the abscissa of the turning point which yields 351799471 + 100 MHz.
The line width is given by the FWHM, which is 57 + 2 MHz.

6.4.1.3 Locking Scheme of the Diode Laser to a Transition Frequency

The method which is used to stabilize the diode laser in all subsequent experiments
to a transition frequency is described in this section. For all experiments presented
subsequently, we have arbitrarily chosen to excite the transition with center frequency
of 351803779+ 100 MHz. The diode laser is stabilized to the transition in a three step
procedure, carried out before each experiment. In a first step, the diode laser is tuned
to 351.803 779 THz ensuring that the frequency is within 100 MHz close to the actual
transition frequency. A 313 Hz, 0.1V, sinusoidal modulation is applied to the PZT of
the diode laser which serves as a reference signal for the lock—in detector. The lock—in
detector is used to amplify any fluorescence signal seen by the photodiode which views
the excitation region in the same way as described in the previous section. In a second
step, the diode laser is manually swept over 100 MHz by changing the offset voltage
additionally applied to the PZT. As a result, the laser frequency is swept through the
resonance and the lock—in detector monitors the dispersion signal similar to the signal
depicted in Fig.6.16. The laser frequency at the zero crossing of the lock-in signal
corresponds to the center frequency of the transition (neglecting a small offset, which
might be present). The short term stability of the wavemeter is within a few MHz.
Therefore in a third step the measured frequency at the zero crossing of the lock—in
signal is used as a set point for the frequency stabilization. The frequency stabilization
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Figure 6.18: The laser diode is stabilized to the center frequency of 371.803 710 THz.
The stabilization keeps the diode laser to within about =5 MHz to the set point.

system is a software PI-controller written in Labview [Lab]. It reads out every 0.1s
the diode laser frequency from the wavemeter and keeps the laser frequency within
about +£5 MHz close to the set point by adjusting the offset voltage applied to the PZT.
Fig.6.18a shows the diode laser frequency stabilized to 371.803 710 THz as a function
of time and Fig. 6.18b shows the corresponding lock—in detector signal. As can be seen,
the control system keeps the laser frequency within about +5 MHz to the stabilization
point over a time of more than 400s, a time far longer than necessary for carrying out
an antihydrogen experiment. It seems to be even more straightforward to lock the laser
frequency directly to the output signal of the lock—in detector. However, the photo-
diode mounted in the trap can resides at 4.2K and is heated during an antihydrogen
experiment by the copper vapor laser used to excite the atoms from the 6P/, state to
a Rydberg state. The heating causes a change in the noise spectrum of the photodiode
and causes sometimes strong fluctuations of the lock—in signal which would unlock the
laser. We therefore did not consider this alternative method.

6.4.1.4 Determination of the Penning Trap Magnetic Field

The transition frequencies measured in section 6.4.1.2 can be used to determine the
magnetic field By of the Penning trap apparatus. The transition frequency is given in
Eq. 6.9 on page 83 as a function of the m; quantum number of the states between which
the transition is induced and as a function of the magnetic field By. Thus, in order
to determine the magnetic field of the Penning trap, the m; quantum number for the
measured transition frequencies have to be determined.

This has been achieved by the following method. The grating—stabilized diode laser is
locked to the transition with center frequency f = 351803779 4+ 100 MHz as described
in the previous section. Additionally, the cesium beam is exposed to about 5mW of
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Figure 6.19: Scope trace of the fluorescence signal induced by a free-running diode laser.

The time between the start and the end of the sweep down corresponds to 2 - =L s.
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laser light delivered by a laser diode which is not grating-stabilized. The frequency of
the laser diode is set to about 351.803779 THz and then modulated over a frequency
range of a few GHz by a triangular modulation (780 Hz, 1V,,,) of the injection current.
The fluorescence signal detected by the photodiode which views the excitation region
is monitored by an oscilloscope triggered to the triangular modulation signal. This
fluorescence signal can be observed by an oscilloscope operated in an averaging mode
without usage of a lock—in detector when the cesium oven is running in steady state
at 317 K. The oscilloscope signal is shown in Fig.6.19. The vertical axis depicts the
intensity of the photodiode as a function of time. At the position marked by the arrow
to the left (begin sweep down), the triangular modulation is at its maximal value and
correspondingly the laser frequency is also at its maximum. The modulation signal and
correspondingly the laser frequency is steadily decreased until they reach their minimum
value at the position marked by the arrow to the right (end sweep down). As can be
seen by the four equally spaced dips, the laser frequency sweeps over four transitions.
The dip to the left corresponds to the highest frequency at which we observe a dip
and therefore according to the calculations presented in section 6.2.1.2 to a transition
between hyperfine states with m; = —7/2. The other dips correspond then from left to
right to transitions between hyperfine states with m; = —5/2, —3/2, —1/2 as indicated
in Fig. 6.19. The dip to the very left corresponds already to the half cycle in which the
laser frequency is swept from low to high values and therefore to a transition between
hyperfine states with m; = —1/2. The depth of the dip with m; = —5/2 is half of
the depth of the other dips. The reason is that this transition is also excited by the
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grating-stabilized diode laser. Thus, the center frequency f = 351803779 + 100 MHz
corresponds to transitions between hyperfine levels with m; = —5/2. The transition
measured at 3517994714100 MHz is about 4.3 GHz lower than 351 803 779 + 100 MHz
and corresponds therefore to the transition which is the fourth next neighbor and thus

The magnetic field By of the Penning trap apparatus is obtained by solving Eq.6.9 for
the magnetic field B which yields

h (f - sz) - %mf <3A6P3/2 + A651/2> - BGP3/2 (%m% + %ml o %)

sIB (396P3/2 - 9651/2) — HEmg <9651/2 + 96P3/2)

B(fvmf) =

Y

(6.15)

where the values for the constants are given in Tab.6.2 on page 83. The uncertainty
AB in the magnetic field is determined by the uncertainty in the measurement of the
transition frequencies, which is Af = 100 MHz and AB can then be calculated by

AB (ml) = @Af = h

af SHB (3961’3/2 — 96s, /2> — HEmy (9651 2 1 396p; /2)

Af.

(6.16)

Using f = 351803779 + 100 MHz and m; = —5/2 yields B = 5.387 4+ 0.007 T and
f = 351799471 £ 100 MHz and m; = +3/2 yields B = 5.386 4+ 0.007 T. By taking
the average, the magnetic field of the Penning trap apparatus is determined to By =
5.387 £ 0.007 T.

6.4.2 Excitation from the 6P, State to a Rydberg State

It has been demonstrated in the previous section, that the cesium atoms are excited by
a diode laser from a hyperfine level of the ground state to a hyperfine level of the 6.5/,
state. From this state, they are excited to a Rydberg state by a copper vapor laser. The
experiment by which we have demonstrated that Rydberg cesium atoms are produced
in the Penning trap apparatus is presented in section 6.4.2.1. The experimental results
of this section can be used to derive an estimate for the Rydberg cesium flux passing
through the trapping region, which is given in section 6.4.2.2.

6.4.2.1 Detection of Rydberg Cesium Atoms

The laser setup used to excite the cesium atoms to a Rydberg state is depicted in
Fig.6.20. Green laser light from the copper vapor laser (CVL) is focused by a lens
(L) into the optical fiber which guides the laser light to the excitation region. The
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Figure 6.20: Laser setup for the production of Rydberg cesium atoms. CVL: copper va-
por laser, LD: grating—stabilized diode laser, OI: optical insulator, DM: dichroic mirror,
I: continuously variable iris, S: shutter, M: mirror, L: lens, ND: neutral density filter,
AR: single—sided antireflection—coated plate, WM: wavemeter.

beam can be blocked by an remotely controlled shutter (S) and the laser power sent
to the experiment can be adjusted by a continuously variable iris (P). If nothing else
is stated, we send 0.5 £+ 0.01 W of green laser light to the experiment. The yellow
line is filtered out by use of a dichroic mirror (DM), which has a high reflectivity for
yellow and a high transmittivity for green light. Infrared laser light coming from the
grating—stabilized laser diode (LD) is focused into the same optical fiber. The laser
power can be adjusted by a neutral density filter (ND). If nothing else is stated, about
10mW are send to the excitation region. A fraction of the laser light is deflected from
a single-sided anti-reflection coated plate (AR) and focused into the fiber input of the
wavemeter (WM).

In a first step, the diode laser is tuned to the transition frequency of the 65, m; = +1/2,
my; = —5/2 to 6P, my = +3/2, m; = —5/2 transition which has been found in section
6.4.1.2 to be at 351803 779 + 100 MHz and the fluorescence signal due to the excitation
of the cesium atoms is detected. Then, the frequency of the diode laser is modulated
by a 0.5V, square wave signal at a frequency of 4.117 Hz delivered from a SRS DS 345
function generator, which is applied to the PZT of the diode laser. As a result, the laser
frequency jumps from being on resonance at 351.803 779 THz to being off resonance at
351.803400 THz. In a third step, the shutter which has blocked the green laser beam
is opened and a voltage is applied to one Rydberg ionization plate depicted in Fig. 6.8
while the other plate is kept at ground, which produces an electric field between the
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Figure 6.21: The signal of the ionized Rydberg cesium atoms measured by the lock—in
detector as a function of the voltage applied to one ionization plate.

plates. If the electric field is strong enough (> 150V /cm), it will ionize the Rydberg
atoms. Depending on the sign of the applied voltage, a current from the Cst—ions
or from the electrons can be collected on one of the ionization plates. The current
is in the fA-range. It is amplified by a home-made current amplifier with a gain of
G = 10" V/A. The amplified signal is measured by a lock-in detector (SRS SR830).
The square wave signal applied to the PZT, which switches on and off the excitation of
the 6P state and therefore the production of Rydberg cesium atoms serves as reference
signal for the lock—in detector.

The measured signal is depicted in Fig.6.21 as a function of the voltage applied to an
ionization plate. The signal is antisymmetric with respect to 0V, which is expected
because depending on the sign of the voltage either the current due to the electrons or
the cesium ions is measured. In the range from zero to £15V, no current is measured.
The electric field between the plates is still to weak to ionize any atom. For higher
voltages, the signal increases linearly. As depicted in Fig. 6.8, the Rydberg ionization
plates are not flat but contain two tips facing each other. The electric field close to
the tips is already strong enough to ionize the Rydberg atom passing through. The
signal saturates at voltages of less than -100 V and of more than +100V indicating that
the electric field between the Rydberg ionization plates is strong enough to ionize all
Rydberg atoms passing through.

During the experiment, the intensity of the infrared light has been changed by a change
of the neutral density filter. This had basically no effect on the measured lock—in
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signal indicating that the transition induced by the diode laser is saturated. We also
temporarily decreased the intensity of the green light from 0.5W to 0.25W. As an
effect, the signal on the lock—in detector dropped to -3.8 mV indicating that the green
laser does not saturate the transition to a Rydberg state.

As a result, we demonstrated that Rydberg cesium atoms are produced by the two step
excitation scheme according to Eq.6.3.

6.4.2.2 Determination of the Rydberg Cesium Flux

The Rydberg cesium flux Ngg+ is defined here as the number of Rydberg cesium atoms
which pass through the trapping region. The cesium flux can be deduced from the
lock—in signal which is measured in the saturated region for applied voltages larger
than +100V or less than -100V. A lock—in detector measures a RMS-voltage signal
[SRSb]. A 1V, square wave signal is measured to 0.45Vgps [SRSb]. Consider that
the signal measured by the lock—in detector is xmV gyss. The current [ in the ionization
plate is then given by I = %ﬁx x 1073, where x is given in mV, G = 10" A/V is the
gain of the current amplifier and the result is given in Ampere. The extra factor of 2
is taken into account because the diode laser is locked to a transition during an actual
antihydrogen experiment instead of being off resonance for half the measurement time
and it is the Rydberg cesium flux during an actual experiment which is interesting to
us. The Rydberg cesium flux through the Rydberg ionization plates is then given by
I/q, where q is the unit electric charge.

The question now arises, how many cesium atoms that pass through the trapping region
actually pass through the cesium ionization plates and contribute to the fA—current
measured by the lock—in detector. The geometry of the experimental setup for the
Rydberg cesium beam, which is schematically depicted in Fig. 6.8, is designed so that
for geometrical arguments all atoms that pass through the 0.3mm aperture in the
trap electrode also pass through the second 1mm hole before entering the Rydberg
cesium detection region. Thus if any collisional effects that the Rydberg cesium atoms
encounter on their way from the trapping to the excitation region are neglected, the
cesium flux in the trapping region is approximately given by

Npg = —~ 3 x 2 x10°1/s. (6.17)

|~

For the experiment described above in section 6.4.2.1, the lock—in signal in the satura-
tion region is on average x=8.7mV, which yields a Rydberg cesium flux according to
Eq.6.17 of about 2.6 x 10% Rydberg cesium atoms per second. For this experiment, the
cesium oven was operated at a temperature of about 350 K in order to obtain a clear
lock—in signal. As mentioned before, during an actual antihydrogen experiment, the
oven is run at a lower temperature of about 317 K. At this temperature, the lock—in

signal is 3.4mV which yields to a Rydberg cesium flux of about 10°s~!. The copper
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vapor laser is a pulsed laser with a repetition rate f,, = 19 — 20kHz. Hence, about 50
Rydberg cesium atoms pass through the Penning trap per laser pulse.

6.4.3 The Production of Antihydrogen

In this section, the actual experiment by which antihydrogen atoms are produced in
a two-stage Rydberg charge-exchange experiment according to Eq.6.3, Eq.6.4, and
Eq. 6.5 is presented.

6.4.3.1 The Experimental Setup

A cross sectional view of the bottom part of the lower electrode stack (electrodes U2 to
TBE) of the hbar2 Penning trap apparatus is shown in Fig. 6.22a. The electric potential
structure on axis is depicted along with the corresponding electric field as a function
of the axial position in Fig.6.22b. As can be seen from Fig.6.22, the positrons are
loaded into a static potential well formed at the CS electrode and the antiprotons are
loaded into the adjacent potential well formed at the LP electrode. The positrons and
antiprotons are loaded into these static potential wells by methods described in chapter
3. The number of positrons is counted before an experiment by a radio-frequency
counting technique as described in section 2.5.1. The number of antiprotons is counted
after an experiment by summing over all detected antiproton losses that occurred during
an experiment and by adding the number of antiprotons that remained in the antiproton
well after an experiment. They are also detected destructively by ejecting them from
the well and by counting the number of annihilations.

The positrons are exposed to the Rydberg cesium beam as indicated in Fig.6.22a. The
laser system used to excite the cesium atoms to a Rydberg state is given in Fig. 6.20
on page 107. The production of the Rydberg cesium beam is intensively described
in the previous sections. The cesium oven is operated at a temperature of 317 K and
the cesium atoms are excited by about 10mW of infrared laser light and by 0.5 W
of green laser light to a Rydberg state. These parameters yield according to section
6.4.2.2 a Rydberg cesium flux of about 10° Rydberg cesium atoms per second, which
pass through the positron cloud. The electric field in the region of the positron cloud is
less than 20 V/em which ensures that the Rydberg cesium atoms are not field—ionized.

The produced Rydberg antihydrogen atoms are detected in the detection well. The
axial electric field in this region exceeds 400V /cm for all radii in the detection trap,
which is much more than enough in order to ionize the Rydberg antihydrogen atoms
which should ionize already at 150 to 200 V/cm. An ionized antihydrogen atom deposits
its antiproton in the detection well and the antiproton can be counted background—free
later. The detection well is constructed in a way that only an antiproton ionized from
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Figure 6.22: a) Trap electrode cross section with particle location. b) The potential
structure on axis along with the corresponding electric field is shown. The potential
structure to the right is used for particle storage and this region is magnified by the
small picture. The potential well to the left is used for the detection of antihydrogen
via field-ionization.
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an antihydrogen atom can be collected there. If an antiproton does manage to escape
the antiproton trap and pass through the detection trap, it cannot be captured unless
a collision with an already stored particle in the detection well lowers the antiproton
energy. Typical collisional energies are at the order of kgT < 1eV. As a precaution
the left side of the detection well is kept lower by 1eV than the right side in Fig. 6.22b
(although the offset is to small in order to be visible).

6.4.3.2 Experimental Results

For the detection of antihydrogen atoms, the antiprotons captured in the detection well
are released and the annihilation signals are detected. However, the production rate
and hence the number of stored antiprotons is low and in order to be able to identify
a signal, the time information of the detected antiproton annihilations has also to be
considered. For a calibration of the time information, about 15000 antiprotons are
stored in the detection well. The detection well depth is shown as a function of time
by the solid blue curve in Fig.6.23b. It is ramped ramped down within 40 ms while
the number of antiproton annihilations is monitored. The histogram in the same graph
shows the number of antiprotons detected as a function of time. All stored antiprotons
annihilate in a window of less than 4 ms.

In the actual antihydrogen experiment, the electric field in the detection well is strong
enough to ionize any Rydberg positronium atom passing through that region. We actu-
ally observe electrons in the detection well. The so deposited electrons cool radiatively
to the 4.2K environment and in addition collisionally cool the antiprotons to 4.2 K.
Thus, we expect that the detected antiprotons will be at the bottom of the trap po-
tential and therefore we use the very right edge of the histogram in Fig. 6.23b to select
a 700 us time window that contains annihilation signal from antiprotons released from
the very bottom of the detection well. The antiprotons captured from antihydrogen are
released in the same way as in the calibration. Six experiments with changing num-
bers of antiprotons and positrons have been carried out. The identification number of
the experiment as it is stored in our data acquisition, the number of antiprotons and
positrons as well as the number of counts within the 700us time window is given for
each of the six experiments in Tab.6.8. A count indicates a coincidence of signals of at
least two scintillating fibers located in different layers of the fiber detector. The total
number of counts in the expected channel is 13. The sum of all signals in that channel
is depicted as a histogram in Fig. 6.23a. 13 counts correspond to 14 antihydrogen atoms
in the detection trap when the 9446 % [Grz] detection efficiency of the fiber detectors is
taken into account. On average 2.4 background counts [Grz| are expected in the 40 ms
width of Fig.6.23a and two counts are seen outside the 700 us window. Statistically,
there is therefore a 4% chance that a background count is in the peak of the 700 us time
window. The statistical error in the number of detected antihydrogen atoms is given
by 0 = V14 ~ 3.7. Thus 14 + 4 antihydrogen atoms are detected in the six trials.
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Figure 6.23: a) Antihydrogen detected as the potential well whose axial well depth is
indicated by the blue curve in b) is ramped down. b) antiproton annihilation histogram
as the potential well (solid curve and right scale) is reduced through zero.

RUN# Number of p Number of et H Counts

3394 140000 2200000 2
3397 150 000 1500000 1
3399 130000 1500000 2
3400 100 000 700000 0
3409 420000 2500000 4
3411 450000 2200000 4

Table 6.8: The number of antiprotons and positrons and the antihydrogen counts are
tabulated for the six experiments in which antihydrogen is detected. The error in
the number of antiprotons results from statistics and is given by the square root of the
tabulated numbers. The uncertainty of the number of positrons is due to the rf-counting
technique and is about 20% of the measured value.
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RUN # Type Number of p Number of et
3401 no et 138 500 0
3404 DL off resonance 40500 2340435
3407 DL off resonance 210200 837812
3412 no et 206 800 0

Table 6.9: The control experiments from which we have detected zero counts as ex-
pected. It is specified in the second column, if no positrons have been used or if the
diode laser frequency has been off resonance with a transition between the hyperfine
levels of the 65/, to 65/, state.

Although the most convincing evidence that the detected signals are from antihydrogen
atoms is that the potential wells are arranged so that an antiproton by its own cannot be
trapped in the detection well for reasons described above, we have additionally carried
out four control experiments in which either the diode laser frequency has been tuned
off resonance or no positrons have been present in the positron well. The experiments
are tabulated in Tab. 6.9. In the first case, the diode laser frequency has been tuned and
locked by 500 MHz away from resonance and we ensured that the same laser power of
10 mW was sent to the excitation region. By setting the laser frequency off resonance,
only ground state cesium atoms pass through the trapping region. The charge—exchange
cross section between ground state cesium atoms and stored positrons is according to
section 6.2.2 low and therefore no antihydrogen atoms are expected to be produced. In
the control experiment without positrons no Rydberg positronium atoms are produced
and thus no antihydrogen atoms. In all four experiments, no counts in the selected
channel were detected as expected.

6.5 Summary and Conclusion of this Chapter

By the experiment presented here, antihydrogen atoms have been produced for the first
time via a consecutive charge—exchange mechanism. The experimental result has been
published in [SSST04]. The experiment has been carried out in the last week of the
2003 beam run and therefore only 14 +4 antihydrogen atoms could be detected because
of the small number of trials.

If one thinks about possibilities to increase the number of produced antihydrogen atoms
per trial, one has to distinguish two problems. The first problem is how to increase
the total number of produced antihydrogen atoms. This can be done by increasing the
number of antiprotons and positrons used for antihydrogen formation, since the total
number depends according to section 6.2.2 linearly on these parameters. Additionally,
the distance between the antiproton and positron clouds can still be optimized. With
the detector system that is currently constructed for the new Penning—loffe trap is will
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be possible to track the antihydrogen annihilation events and thus to count the total
number of produced antihydrogen atoms. This system will probably be available for
beamtime 2006.

The second problem is how to increase the number of detected antihydrogen atoms.
This could be achieved by decreasing the distance between the detection well and the
antiproton well. Because of solid angle arguments, the detected number should increase
with the inverse of the distance squared. The distance between the center of the de-
tection well and the antiproton well is in the current setup about 1.6cm. The large
distance is mainly due to the fact that for the field-ionization method to work, the
detection well needs to have a depth of more than 200V in order to generate the large
electric fields between the detection and ionization well. An better optimized potential
structure might allow a decrease of the distance between the production and detection
regions. A factor of two in the detection efficiency can also be gained by placing an
additional detection well to the opposite site of the production region.

Despite the number of antihydrogen atoms is currently much lower than by the merging
antiproton and positron plasmas in nested Penning traps, this method offers several
advantages. The state distribution of the formed antihydrogen atoms is much narrower
and the atomic states can be selected by choice of the cesium Rydberg state. In that
sense the antihydrogen states can be controlled by the lasers used to excite the cesium
atoms. The narrower state distribution and the controllability of the atomic states
would for example allow to deexcite trapped Rydberg antihydrogen atoms with a laser
source, for example by use of the Titanium:Sapphire laser system presented in chapter
5 to the n = 3 state from which the atoms would decay within a few nanoseconds to the
ground state. Moreover, it is expected that the formed antihydrogen atoms have the
velocity distribution of the antiprotons from which they are formed. The antiprotons
remain trapped in a static potential well and are therefore at a temperature of 4.2 K. If
indeed antihydrogen is produced at that temperature, the antihydrogen atoms at the
lower end of the Maxwell-Boltzmann distribution should be trapable by a superposed
Ioffe trap.
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Chapter 7

Towards a Temperature
Measurement of the Antihydrogen

Atoms Produced in the Two—Step
Charge—Exchange Process

7.1 Introduction

In the previous chapter an experiment has been presented by which antihydrogen atoms
have been produced in a two—step charge-exchange process according to Eq. 6.3-Eq. 6.5.
These antihydrogen atoms are expected to have a temperature of 4.2 K because they
are produced from trapped antiprotons which reside at that temperature. However,
this assumption has yet to be verified experimentally. In this chapter, an experiment is
therefore presented by which a determination of the antihydrogen temperature might
be feasible.

The most straightforward way to measure the temperature or equivalently the mean ki-
netic energy of the antihydrogen atoms would be by adding an oscillating pre—stripping
field to the experimental setup depicted in Fig.6.22 which would be placed between
the trapped antiprotons and the detection well. The average kinetic energy of the
antihydrogen atoms would then be determined in the same way as by the velocity mea-
surement carried out on the antihydrogen atoms produced in a nested Penning trap
as presented in section 4.4, namely by measuring the number of antiprotons in the
detection well as a function of the frequency of the pre—stripping field. For such a mea-
surement, the detection well would have to be moved away from the antiproton well in
order to provide enough space for the pre—stripping field. The number of antiprotons
in the detection well would then drop because of solid angle arguments. Since only
about two to four antiprotons are detected per experiment with the detection well at
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the minimum possible distance away from the antiproton well such a measurement of
the antihydrogen mean kinetic energy is not feasible.

The basic idea of an experiment by which the temperature of the antihydrogen atoms
might be measurable is as follows: The Rydberg cesium atoms are produced in bunches
since they are excited by the pulsed copper vapor laser to a Rydberg state. Hence, the
Rydberg positronium atoms and subsequently the antihydrogen atoms are produced in
bunches. The antihydrogen atoms leave the production region according to [HHCI8]
isotropically and annihilate at the trap electrodes. The time delay between the annihi-
lation events of an antihydrogen bunch with respect to the laser pulse that initiated its
production via the excitation of the cesium atoms can be measured. Consider the time
delay of a single antihydrogen annihilation event with respect to the laser pulse. It is
determined by the time a Rydberg cesium atom travels from the location where it has
been excited by the copper vapor laser to the location within the positron cloud where
it forms positronium according to Eq. 6.4 plus the time the positronium travels to the
location within the antiproton cloud where it forms antihydrogen according to Eq. 6.5
plus the time the antihydrogen atom travels to the electrodes and annihilates. The time
the antihydrogen atom travels is given by the ratio between the path length between
the location of its production and its annihilation and its velocity. A measurement
of the time distribution of many antihydrogen annihilation events therefore contains
information about the velocity distribution of the antihydrogen atoms and thus about
the antihydrogen temperature.

In order to investigate quantitatively the influence of the antihydrogen temperature on
the time distribution of the annihilation signals and in order to evaluate an experimen-
tally measured time distribution of antihydrogen annihilations, a numerical analysis
of the experiment has been carried out, which is presented in section 7.2. An actual
experiment to measure the antihydrogen temperature is presented in section 7.3. The
chapter finishes with a conclusion in section 7.5.

7.2 Numerical Analysis

The procedure of the numerical analysis is described in section 7.2.1. The results are
presented in section 7.2.2.

7.2.1 Description of the Algorithm

The time distribution of N antihydrogen annihilations is calculated by the algorithm
described in the following. The basic concept is to calculate N times the time of flight
of a Rydberg cesium atom from the excitation region to the location where the first
charge—exchange occurs plus the time of flight of a positronium atom from the location
of the first to the second charge—exchange plus the time of flight of an antihydrogen
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atom from the location of the second charge exchange to the location of its annihilation
at the electrodes taking into account different antihydrogen and cesium velocities as
well as different antihydrogen and cesium paths from one repetition to the next. The
sum of these three times of flight will be referred to in the following as total time of
flight. The laser pulse length of about 20 ns is neglected for the calculation of the total
time of flight because it is much smaller than the three times of flight and therefore
considered to be of minor influence on the time distribution of the time annihilation
spectrum.

In order to account for the effect caused by the temperature on the time distribution
of antihydrogen annihilations, the velocities which are assigned per repetition to a
Rydberg cesium atom and an antihydrogen atom are chosen so that the ensemble of all
N Rydberg cesium atoms and antihydrogen atoms obey a Maxwell-Boltzmann velocity
distribution for a temperature T¢ and T, respectively. This is implemented in the
numerical code as follows. The temperature of the cesium atoms is taken to be Toy =
320K, which is about the temperature of the cesium oven during an experiment as
described in the previous chapter. Then, the most probable velocity of the cesium
atoms given by

2knTes
ves = 4| —2=22, (7.1)
mgs

where kp is the Boltzmann constant and m¢, is the atomic mass of cesium is calculated.
A random velocity between zero and 4 - v, is then assigned to the cesium atom by use
of the following method. Let r; be a random number between zero and one. A value
for the velocity v is then calculated by v = 4 - v, - 1. The probability of this velocity
is given by the Maxwell-Boltzmann probability function according to [Vog95]

oy =2 (;%)/ o esp (_;g;j;) | 72)

with m = mgs, and T = Tes. The ratio ¢ = f(v)/f(ves) is compared with a second
random number 75. If 7o is larger than ¢ then a new velocity v is calculated. If ry is
less or equal than ¢ than v is assigned to the cesium atom.

Accordingly, the most probable antihydrogen velocity vz for an antihydrogen temper-
ature Tz is calculated by

2kgTx
vg = = (7.3)

mpg

where m g is the antihydrogen mass. Again, a random velocity between zero and 4-vy is
assigned to an antihydrogen atom by the same method as described above for a cesium
atom.
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All positronium atoms are taken to be at the most probable velocity vps = 10000 m/s
according to the numerical result of Hessels et al. [HHC98]. A specific velocity distribu-
tion for the positronium atoms is not taken into account because due to the high mean
velocity the time of flight of a positronium atom is two orders of magnitude smaller than
the times of flight of an antihydrogen atom or a cesium atom and is therefore considered
to be of minor influence on the time distribution of the antihydrogen annihilations.

With the particle velocities specified, what remains to be be done is to specify the
path lengths that are covered by each particle species. Fig. 7.1 shows schematically the
cesium excitation region by the green hatched triangle and the inner electrode surface
of the lower electrode stack by the black rectangle.

For a cesium atom it is assumed that it is excited at a random spot within the 5.7 mm
wide cesium excitation region and then travels the 14.8 mm long path to the center of
the positron cloud, which is depicted by the bottom black dot in Fig.7.1. The cesium
path length is thus calculated by s¢s = (14.84+5.7-x) mm, where z is a random number
between zero and one, inclusively.

For a positronium atom it is assumed that it travels three millimeters, the distance
between the centers of an antiproton and a positron cloud in a real experiment. The
time of flight of all positronium atoms is then given by tps = sps/vps = 300 ns.

The specifications of the cesium path and the positronium path imply that the radial
and axial extensions of the antiproton and positron clouds are neglected in the numerical
analysis. The reason is that the smearing of the time distribution due to the extensions
of the clouds is considered to be negligible in view of the large uncertainties in the
involved path lengths.

For an antihydrogen atom it is assumed that it leaves the antiprotons in a straight line
and in a random direction within the white half plain inside the trap wall (because
of the cylinder symmetry of the Penning trap electrodes, only this half plain needs to
be considered in the simulation). The crossing point with the trap wall is determined
numerically. The antihydrogen path is then obtained by the distance between the center
of the antiproton cloud and the crossing point with the trap wall. For clarity, several
arbitrarily chosen antihydrogen paths are indicated in Fig. 7.1 by the dashed red arrows.

In order to obtain a time distribution of the A calculated annihilations, an array with
1024 elements called counts[n| (n = 0,1, ..,1023) is defined. All elements of the array
are set to zero at the beginning of the algorithm. In each repetition, the element of
counts[n] for which n is the closest integer number to the ratio between the calculated
total time of flight and 0.64 us is increased by one.

As a summary of this section, the basic algorithm is summarized by the following list.
eTForj=1toN

1. Determine a random velocity ve; ; for the cesium atom in the range between
zero and 4 - vC's.
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Figure 7.1: The graph depicts schematically the cesium excitation region (green hatched
triangle) and the electrode walls of the lower electrode stack (black rectangle). The
upper horizontal electrode wall is assumed in the numerical code to be the ball valve, the
lower horizontal line represents the degrader. All dimensions are given in millimeters.
The width of the cesium excitation region along the path of the cesium beam is given by
the diameter of the output cone (green hatched triangle) of the optical fiber along the
cesium path. The specified value of 5.7mm is obtained by the following consideration:
The distance from the tip of the fiber to the cesium beam is as indicated in the graph
12.7mm. According to section 2.4.3 the numerical aperture (NA) of the optical fiber is
NA = 0.22. The relation between the numerical aperture and the half angle a;/2 of the
output cone is given by NA = sin(a/2). The relation yields 25.4° as indicated in the
figure for the full angle of the output cone. From geometrical arguments follows then a
width of 5.7mm for the cesium excitation region.
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T K] tavg [15]  Cstdeo [115]

4.2 159.6 1.7
5 154.7 1.7
7 146.2 1.6
10 138.5 14
25 124.2 1.2
50 117.0 1.1
250 107.4 1.1
500 105.1 1.1
1000 103.5 1.1
2000 102.3 1.1
2500 102.1 1.0
3000 101.8 1.1

Table 7.1: The first column gives the antihydrogen temperature specified in the numer-
ical calculation. The second column gives the average time of flight and the last column
gives the standard deviation from the average. 4,4 and tsq4e, have been calculated from
1000 time distributions of 5000 annihilation events.

2. Determine a random velocity vp ; for the antihydrogen atom in the range
between zero and 4 - vg.

3. Determine the random path length for the cesium atom via s¢s; = 14.8 +
2.8 - zmm.

Cesium time of flight tcs; = scs,;/ves,;-
Determine random antihydrogen path sg ;.
Antihydrogen time of flight t7 ; = sz ;/vg ;.
Total time ¢; = tcs; + tps + 1t

® N e o

Increase the element of counts[n| for which n is the next closest integer of
the value ¢,/0.64 us by 1.

e End of loop

7.2.2 Numerical Results

By use of the algorithm described in the previous section, the time distribution of N' =
5000 annihilation events has been calculated by taking into account the antihydrogen
temperatures given in Tab. 7.1. For a specific temperature, the time distribution of the
N = 5000 annihilation events has been calculated 1000 times. For each of the 1000
time distributions, the average value t of the total time of flight is calculated. The value
tawg given in the second column of Tab. 7.1 is the average of the 1000 values of ¢, and
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Figure 7.2: The average time of the antihydrogen annihilations is plotted as a
function of the antihydrogen temperature. An exponential curve of the form y =
60.7 exp(—0.04z) + 104.0 has been fitted by use of Sigmaplot [Sig].

the value t44e, given in the third column is the standard deviation ¢4, of the 1000
values of ¢ with respect to tavg- The tabulated values of t,,, are plotted with ¢4, as
error bars in Fig. 7.2 as a function of the temperature 7. An exponential curve of the
form y = 60.7 exp(—0.04x) 4+ 104.0 has been fitted by use of Sigmaplot [Sig].

As can be seen in the table and in the figure, the higher the antihydrogen temperature,
the earlier on average the antihydrogen annihilations occur. Moreover the time intervals
tavg T tstden are well separated for the various antihydrogen temperatures. According
to the simulation the antihydrogen temperature can therefore be determined with an
accuracy of better than 1 K by taking the average time of 5000 antihydrogen annihilation
events.

In view of the experimental setup and of the interpretation of the experimental re-
sults, three calculated time distributions are given in the following. Fig. 7.3 shows the
calculated time distributions as given by the array counts[n| for n = 0,1, ..,1000 for
Tz = 4.2K (red dots) and for Tz = 25 K (blue triangles). Fig. 7.4 shows the calculated
time distribution as given by the array counts[n] for n = 0,1, ..,1000 for T = 4.2K
(red dots) and for Tz = 1000K (blue triangles). From the graphs can be seen, as
already described above, that on average the annihilation events occur later for lower
antihydrogen temperatures. Moreover, the first count for an antihydrogen temperature
of 1000 K occurs at after 37 x 0.64 us with respect to the laser pulse, while the first
counts for Tz = 25K occurs at 47 x 0.64 us and at 75 x 0.64 us for an antihydrogen
temperature of 4.2 K.
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Figure 7.3: Calculated time distribution of 5000 annihilations from antihydrogen at

4.2K (red dots) versus 5000 annihilations at 25 K (blue triangles).
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Figure 7.4: Calculated time distribution of 5000 annihilations from antihydrogen at

4.2K (red dots) versus 5000 annihilations at 1000 K (blue triangles).
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7.3 Experimental Setup

In this section, the experimental setup is described. In the first part, the laser system
and the data acquisition is described, while in the second part, the potential structure
used to confine antiprotons and positrons is presented.

7.3.1 The Laser System and the Data Acquisition

A schematic overview of the laser system is given in Fig.7.5. The diode laser (DL) is
locked as has been described in section 6.4.1.3 to the transition between the sublevels
with m; = —5/2 of the 6512 state and the 6P;, state which is at a frequency of
351803779 + 100 MHz. About 10 mW of laser light is sent via the optical fiber to the
excitation region ensuring according to the results presented in section 6.4.2.1 that the
transition is saturated. The specifications of the copper vapor laser (CVL) have been
summarized in Tab.6.5. It emits green and yellow laser light pulses with a duration of
20ns and at a repetition rate of 19-20kHz. The yellow line which is of no use for the
experiment is deflected of a dichroic mirror (DM) which has a high reflectivity (> 99 %)
for yellow at 578 nm and a high transmittivity (> 99 %) for green at 511nm. A small
fraction (~ 4 %) of the power in the green line is reflected of a glass plate (GP) onto the
photodiode PD1. PD1 is used to measure the repetition rate f,., of the copper vapor
laser. The photodiode signal is transformed by a discriminator into a TTL signal which
is used to synchronize an optical chopper to f.,/4. The home-made chopper wheel has
been designed to not block one in 24 consecutive pulses when it is spinning at f,.,/4.
Since the holes of the chopper wheel are smaller than the beam size, the laser beam
is focused through the chopper wheel by the lens (L) to the left and again collimated
to its original spot size behind the chopper wheel by the lens to the right. A small
fraction (~ 4 %) of the laser power is deflected from another glass plate (GP) situated
behind the chopper wheel onto the photodiode PD2. PD2 measures the repetition rate
of the laser pulses behind the chopper wheel. It is used before an experiment to control
the phase delay between the TTL signal and the chopper wheel so that it is ensured
that the repetition rate is indeed fcoy1/24. A laser power of 500 & 10 mW measured in
the zone I when the chopper wheel was not spinning has been sent into the trap can
for these experiments. Thus according to section 6.4.2.2 about 50 cesium atoms are
produced at a repetition rate of foy/24.

During an experiment, the signal is used as a trigger signal for a multichannel scaler
(Stanford Research Systems Model SR 430 [SRSal). After being triggered, the mul-
tichannel scaler counts incoming “trigger” counts (section 2.5.2.3) delivered by the
detector system in N = 1024 successive time bins each with a length of t;;,, = 640ns.
Each new trigger (from PD2) starts a record whose data is added to the bin by bin
accumulation of all the previous records. The result is a record of the sum of all counts
in each time bin. The multichannel scaler can only be triggered by pulses that are
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Figure 7.5: The laser setup used to measure the velocity of the cesium atoms. The
symbols refer to: (DL) diode laser, (OI) optical insulator, (CVL) copper vapor laser,
(L) lens with focal length f = 10mm, (C) optical wheel, (PD1, PD2) photodiodes,
(DM) dichroic mirror, (GP) glass plate.

separated in time by more than tgeay = N - tpin + N - 250 ns + 150 ps = 1.06 s [SRS99].
This yields to a maximum trigger rate of ~ 940 Hz and this is the reason why we had to
reduce the repetition rate of the copper vapor laser to foy/24. The maximum value
of fovr is according to the specifications 20 kHz and thus the multichannel scaler is
triggered at a maximum rate of 833 Hz, a value below the maximum possible trigger
rate of ~ 940 Hz.

7.3.2 Experimental Setup in the Penning Trap Apparatus

The experiment has been carried out in the hbar2 Penning trap apparatus. The basic
properties of this trap have been described in section 2.4.2 and the setup for the pro-
duction of the Rydberg cesium has been depicted in chapter 6. Fig. 7.6 shows in the top
part a side view of the lower electrode stack of the hbar2 Penning trap apparatus and
in the bottom part the potential structure on axis used to confine antiprotons (p) at the
electrode UP and positrons (e1) at the electrode CS. The Rydberg cesium beam (Cs*)
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Figure 7.6: A side view of the lower electrode stack of the hbar2 Penning trap apparatus
is shown in the upper part of the figure. The Rydberg cesium (C's*) is passing through
the CS electrode. The lower part of the figure shows the potential on axis which is used
to confine antiprotons (p) at the electrode UP and positrons (e*) at the electrode CS.

which passes through the electrode CS collides with the stored positrons and initiates
the production of antihydrogen via a two—step charge-exchange process according to
Eq.6.3-6.5. A detection well for antihydrogen detection via field-ionization as has been
used in the experiment presented in chapter 6 has not been employed in the potential
structure. The reason is that we have carried out a few trials with a detection well and
for unknown reasons the antiprotons residing at UP have not been stable.

7.4 Experimental Results

Unfortunately, only four experiments could be carried out within the last few days
of the 2004 beam run in order to measure the time distribution of the antihydrogen
annihilation events. The numbers of antiprotons and positrons used in each experiment
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Run# Number of Antiprotons Number of Positrons
4014 2.3 x 10° 1.2 x 10°
4038 3.8 x 10° 1.5 x 106
4051 1.5 x 105 1.7 x 108
4053 1.5 x 105 1.1 x 108
Control Experiment

4037 1.5 x 105 Zero

Table 7.2: The table gives in the first column the Run number as it is stored in the
data acquisition system. The second column gives the number of antiprotons and the
third the number of positrons loaded into UP and CS, respectively.

5

Trigger Counts

0 200 400 600 800 1000
Time [0.64ps]

Figure 7.7: The sum of the trigger counts detected in four experimental trials is shown
over all 1024 time bins.

is given in Tab.7.2. Fig.7.7 shows the detected trigger counts of all four experiments
over the 1024 time bins with a length of an individual bin of 0.64 us. Fig. 7.8 depicts the
trigger counts of all four experiments that occurred within the 50th and 300th time bin,
the region where we expect according to the numerical results presented in section 7.2.2
the antihydrogen annihilations to take place. In addition, a control experiment has
been carried out with 1.5 x 10° antiprotons and zero positrons (also given in Tab. 7.2)
by which no antihydrogen is produced. Fig.7.9 shows the detected counts over the 1024
time bins and Fig.7.10 depicts the trigger counts that occurred within the 50th and
300th time bin.

The background trigger count rate due to cosmic rays is about 1.2s7! [Grz] and thus
the probability to detect a cosmic event within a 0.64 us long time bin is very low.
The detected distribution of antiproton annihilations in the control experiment is thus
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Figure 7.8: The sum of the trigger counts detected in four experimental trials is shown
over the 50th to 300th time bin, the region where according to the numerical analysis
presented in section 7.2 the antihydrogen annihilations are expected to take place.
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Figure 7.9: The trigger counts detected in one null experiment without positrons are
shown over all 1024 time bins. The counts are due to antiproton loss out of the static
potential well at UP.
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Figure 7.10: The trigger counts detected in one null experiment without positrons are
shown over the 50th to 300th time bin, the region where according to the numerical
analysis presented in section 7.2 the antihydrogen annihilations are expected to take
place.

due to antiprotons leaking out of the static potential well. The background count rate
measured in the control experiment is as high as 9 trigger counts per time bin and within
the 50th and 300th time bin as high as 2 trigger counts per time bin. The maximum
count rate for the four experimental trials is four per bin. The detected counts clearly
exceed the background level but the number is much too low so that no conclusion can
be drawn from the experimental data for the antihydrogen temperature.

7.5 Summary and Conclusion

In this chapter, a method to determine the antihydrogen temperature from a measure-
ment of the time delay between antihydrogen annihilation events and the laser pulse
that initiates the antihydrogen production via the excitation of Rydberg cesium is pro-
posed. A numerical model has been developed in order to evaluate the effect of the
antihydrogen temperature on the time distribution of the antihydrogen annihilations
events. According to the numerical model it should be possible to determine the an-
tihydrogen temperature to an accuracy of better than 1K if 5000 annihilations events
are measured. Four experimental trials have been carried out within the last days of
the 2004 beam time, but the number of detected annihilations are much too low for any
estimate of the antihydrogen temperature. Thus no conclusion for the antihydrogen
temperature can be drawn so far.



Chapter 8

Outlook

In this work, two methods have been presented by which the first step towards a precise
comparison of antihydrogen and hydrogen has been taken: the production of antihy-
drogen itself.

By the first method, antihydrogen atoms have been produced as presented in chap-
ter 4 from interacting antiproton and positron clouds in a nested Penning trap. The
atoms have been detected background—free via ATRAP’s field—ionization method. In
subsequent experiments the antihydrogen state—distribution could be measured, which
revealed that the antihydrogen atoms are formed in highly excited states. This suggests
that three-body recombination is the formation process, however current theory cannot
yet account for the measured state distribution. A fraction of the detected antihydrogen
atoms is too deeply bound to be described by a GCA model. For these atoms no theory
exists so far to explain the formation mechanism. The experimental results have already
triggered along with the results obtained by the ATHENA Collaboration studies on the
formation mechanism [Dri04, GBO*04, BD04, KO04a, KO04b, VGP*04, Rob04, RH04]
and certainly many more studies will follow.

By the second method, antihydrogen atoms are formed via two—step charge—exchange
processes as described in chapter 6, and so far 14 + 4 have been detected. According
to theory, the atomic state distribution is much narrower compared with the state dis-
tribution of the antihydrogen atoms produced in a nested Penning trap and the atomic
states can be selected by choice of the cesium Rydberg states. Future projects might
be focused on increasing the number of antihydrogen atoms and on a measurement of
the state distribution. Since the antiprotons remain trapped in a static potential well
during the experiment, it is expected that the temperature of the antihydrogen atoms
is 4.2 K. A method to determine the antihydrogen temperature and initial experiments
have been presented in chapter 7. These experiments will probably be continued after
the AD startup in the year 2006.

The next major step towards high precision experiments on antihydrogen is to confine
the antihydrogen atoms in a neutral particle trap. To achieve this step, a new Penning
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trap apparatus is currently constructed by the Harvard group. This trap will house a su-
perconducting loffe trap that is currently developed by the Jiilich group. The combined
Penning—loffe trap will probably be built before the start—up of the AD in 2006. The
consequences for charged particle trapping have been studied in such a combined trap
and the results look favorable, at least in the low particle limit (for further references,
see [Gab04] and references therein). The experiments to produce antihydrogen as men-
tioned above will then probably be repeated in the combined Penning—Ioffe apparatus
so that antihydrogen is synthesized within the neutral particle trap. The antihydrogen
atoms that are at the cold end of the Maxwell-Boltzmann distribution are the most
probable for magnetic trapping. Trapped antihydrogen atoms might then decay to the
ground state while remaining trapped. The trapped ground state antihydrogen atoms
can then be cooled by the Lyman-«a source developed by the Garching group to tem-
peratures of about 1 mK. The final step will then be a high—precision measurement of
the 15-28 transition frequency and to compare it with hydrogen for an accurate test of
the CPT theorem. Many challenges lie ahead but great progress has been made.
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A background-free observation of cold antihydrogen atoms is made using field ionization followed by
antiproton storage, a detection method that provides the first experimental information about anti-
hydrogen atomic states. More antihydrogen atoms can be field ionized in an hour than all the antimatter
atoms that have been previously reported, and the production rate per incident high energy antiproton is
higher than ever observed. The high rate and the high Rydberg states suggest that the antihydrogen is

formed via three-body recombination.
DOI: 10.1103/PhysRevLett.89.213401

Antihydrogen (H) atoms that are cold enough to be
trapped for laser spectroscopy [1] promise to provide
the most stringent CPT tests with baryons and leptons
[2], along with more sensitive tests for possible exten-
sions to the standard model [3], building on the high
accuracy of hydrogen spectroscopy [4]. It may even be
possible to directly observe the gravitational force on
antimatter atoms [5]. H atoms with a temperature near
to the 0.5 K depth of a realistic magnetic trap are greatly
preferred since trapping atoms from a thermal distribu-
tion is much less likely with increasing temperature.

The ATRAP Collaboration demonstrated the first posi-
tron cooling of antiprotons [6,7] in a nested Penning trap
[8] more than a year ago. Detailed studies of this cooling
(to 4 K) have since been carried out [9] to ensure that the
antiproton (p) loss we observed during positron (e™)
cooling corresponds to H formation. This Letter reports
an observation of cold H produced during such cooling
that is insensitive to other 7 loss mechanisms. Field
ionization of H followed by p storage provides the first
experimental information about H excited states. Every
recorded event comes from H production, with no back-
ground. Another very recent report of cold H formation
[10], also during positron cooling in a nested Penning
trap, instead identifies p and e* annihilations within
+8 mm and 5 ws as H, subtracting a background larger
than the signal. Observations of high velocity H also used
simultaneous annihilation detection [11,12].

More antiprotons from ionized H atoms can now be
captured in an hour than the sum of all antimatter atoms
reported so far. If the H leave the production region
isotropically, then 11% of the p in the nested Penning

213401-1 0031-9007/02/89(21)/213401(4)$20.00
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trap form H. The 657 p we capture from H ionization in
the sample used here would then correspond to nearly
170000 cold H atoms. Even if the distribution is not
isotropic, the high rate supports the feasibility of spec-
troscopic investigations to follow. Rydberg states formed
at a high rate likely start with a three-body recombina-
tion collision [8] between a p and two e, with deexcita-
tion continuing via other processes [13,14].

The apparatus (Fig. 1) alternates between the one used
to demonstrate positron cooling of antiprotons [6] and a
close copy. A 5.4 T magnetic field from a superconducting
solenoid is directed along the vertical symmetry axis of a
stack of gold-plated copper rings. Applied voltages form
Penning traps that confine the 7, e~, and e* and control
their interactions. Captured p accumulate in the volume
below the rotatable electrode. Above, injected e™ accu-
mulate simultaneously. The electrodes and surrounding
vacuum enclosure are cooled to 4.2 K via a thermal
contact to liquid helium. Cryopumping reduces the pres-
sure within the trap to less than 5 X 107!7 Torr, as mea-
sured in a similar apparatus [15] using the lifetime of
trapped p as a gauge.

All experiments pursuing antihydrogen, and other ex-
periments requiring the lowest energy antiprotons, make
use of CERN’s unique Antiproton Decelerator (AD). A
standard set of techniques that some of us developed over
the last 15 years [2] is also used to accumulate cold p in a
trap, at an energy that can be more than a factor of 10'°
times lower than that of p in the AD. Every 100 s, the AD
ejects a short pulse of p. The p slow in matter, are
captured in a trap that is closed electronically while
they are within, and electron cool in the trap to 4.2 K

© 2002 The American Physical Society 213401-1
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FIG. 1. Overview of the trap and detectors. Antiprotons are
loaded from below (left), into the trap electrodes below the
rotatable electrode. Positrons are simultaneously loaded from
above (right) into the electrodes above the rotatable electrode.
H formation is observed within the lower region detailed in the
next figure.

A p stacking technique [16] allows the accumulation of as
many p from successive AD pulses as time permits.
Typically 150 000 antiprotons end up suspended within
electrode T2 [Fig. 2(a)].

The accumulated e™ [17] originate in a 69 mCi **Na
source that is lowered through a He dewar to settle
against the 4.2 K trap enclosure. Fast e* follow magnetic
field lines and enter the trap vacuum through a thin Ti
window. Some slow as they enter the trapping region
through a thin single crystal of tungsten. Others slow
while turning around within a thick tungsten crystal
that rotates to the trap axis when the rotatable electrode
goes to its closed position. Slow e* that pick up e~ while
leaving the thin crystal form highly magnetized,
Rydberg positronium atoms. These travel parallel to the
trap axis until they are ionized by the electric field of a
Penning trap well, whereupon the e* are captured. With
the rotatable electrode in its closed position, neither crys-
tal can be struck by p, thus protecting an essential layer
of adsorbed gas on the thin crystal, without which e*
accumulation ceases [17,18]. With this electrode rotated
open, e* can be pulsed through and caught in the lower
trap region. Particle motions induce detectable currents in
resonant RLC circuits attached to trap electrodes, making
it possible to nondestructively detect the e™ number be-
fore and after the transfer. Up to 1.7 X 10% cold e™ are
located in electrode TS5 [Fig. 2(a)] for these studies.

The nested Penning trap [Figs. 2(a) and 2(b)] is central
to the production of cold H. The ¢* and p have opposite
charge signs, and thus cannot be confined or made to
interact within the same Penning trap well. Some of us
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FIG. 2 (color). (a) Electrodes for the nested Penning trap.
Inside is a representation of the magnitude of the electric field
that strips H atoms. (b) Potential on axis for positron cooling of
antiprotons (solid line) during which H formation takes place,
with the (dashed line) modification used to launch p into the
well. (c) Antiprotons from H ionization are released from the
ionization well during a 20 ms time window. (d) No p are
counted when no e* are in the nested Penning trap.

proposed the nested Penning trap [8], with e* within a
small inverted well at the center of a larger well for p, as
the solution to this challenge. We investigated its proper-
ties with e~ and p [19], loaded cold p and e* together in a
nested Penning trap [18], and then used it to observe the
positron cooling of antiprotons [6].

To start positron cooling and H formation, the p are
launched into the nested Penning trap by pulsing from the
solid to the dashed potential [Fig. 2(b)] for 1.5 us. The p
oscillate back and forth through the cold e* within a
nearly symmetrical nested Penning trap, restored before
the p return to their launch point. They lose energy via
collisions with e™, which cool via synchrotron radiation
to the 4.2 K of their surroundings.

Antihydrogen should form most efficiently when e*
cool p to the point where the two species have low relative
velocities. Upon observing p losses during positron cool-
ing, and intriguing indications of H production, we
undertook a more detailed study of positron cooling [9]
to ensure that other mechanisms would not generate
signals that could be confused with H production. The
ambipolar diffusion mechanism [20] is particularly trou-
bling since unbound e™ and p correlate enough to diffuse
out of the trap, perhaps even generating simultaneous
annihilations of p and e™.

Detailed studies of the positron cooling of antiprotons
in a nested Penning trap reveal some intricacy, as illus-
trated with small numbers of p and e* in Fig. 3. The
average p energy decreases exponentially for short times
[Fig. 3(a)], with a time constant that varies with the
particle number and density. However, the p energy spec-
tra taken at a sequence of cooling times [Figs. 3(b)—3(e)]
reveals a great deal of structure, not yet completely under-
stood. The H atoms presumably form when the energies of
the p (histograms) and e™ (vertical dashed line) overlap,
since their relative velocities are then lowest. On a
10 times longer time scale, the p cool into the side wells

213401-2
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of the nested trap, out of contact with the e™. The new
cooling mechanism here seems to be a recycled evapo-
rative cooling of the p, whereby hot p that “evaporate” to
higher energies in the nested well are cooled by the e*
before they leave the well. With no e* in the nested well,
evaporative cooling cools the p on the slower time scale.
There is also radial loss of p near the potential maximum
at the center of the nested Penning trap.

Any H atom formed is free to move in the initial
direction of its p, unconfined by the nested Penning
trap. H atoms passing through the field-ionization well
in a state that can be ionized by the electric field will
leave their p trapped in this well. The ionization well
[within electrode EET in Fig. 2(a)] is carefully con-
structed so that its electric field ensures that no p from
the nested Penning trap can get into it (e.g., a p liberated
from the nested well by ambipolar diffusion), except if it
travels about 4 cm bound within an H atom. Any p heated
out of the nested Penning trap escapes over the lower
potential barrier in the other direction. Even if a p did
acquire enough energy to go over the ionization well in
one pass it would not be trapped because there is no
mechanism to lower its energy while over this well. In
addition, positron cooling lowers the energy of the p in
the nested well, taking them farther from the energy
required to even pass over the ionization well.

Electric fields [Fig. 2(a)] ionize H Rydberg states.
Numerical modeling indicates the capture of p from H
atoms that ionize in electric fields between 35 and
95 V/cm. A rough estimate comes from the classical
formula [21] for the electric field F =32X
1032~* V/cm that would strip a Rydberg atom entering
this field. The binding energy, E = 13.6n"2 eV, defines n
even though it is not a good quantum number in these
fields. This suggests the field ionization and capture of p
from H atoms with binding energies corresponding to
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FIG. 3. (a) Antiproton average energy decreases exponen-
tially in time until the antiprotons and positrons have the lowest
relative velocity. Cooling then continues but at a 10 times
slower rate. (b)—(e) Energy spectra of the p as a function of
the positron cooling time. (For this example, 5000 p are used,
along with 200000 e¢* ina 15 V well.)
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n =43 to n = 55. Refined estimates are needed using
methods suited to strong fields.

Only signals from H are detected with this field-
ionization method —there is no background at all.
Figure 2(c) represents 657 ionized H atoms captured
in the ionization well during the course of this
experiment — more than all of the H atoms that have
been reported so far. In many trials without e* we have
never seen a single p in the ionization well [Fig. 2(d)].
Antiprotons from H ionization are stored in the ionization
well until after positron cooling is completed in the
nested well, and all et and p in the nested well are
released in the direction away from the ionization well.
We then eject the trapped p by ramping down the poten-
tial of the ionization well in 20 ms. The ejected p anni-
hilate upon striking electrodes, generating pions and
other charged particles that produce light pulses in the
scintillators. The ramp is fast enough so that the 1.2 57!
cosmic ray background contributes a count in our window
only 1 time in 50 in Figs. 2(c) and 2(d). Our experimen-
tally calibrated detection efficiency [22] corresponds to 1
in 2.7 of the stored p producing a coincidence signal in
surrounding scintillators.

The number of ionized H atoms increases with the
number of e* in the nested well [Fig. 4(a)] as might be
expected, though this curve is surprisingly insensitive to
the total number of e* for larger e* number. We are
exploring some indications that the shape of this mea-
sured curve is related to a quadratic dependence of the
production rate upon e* density. The ionization well can
be moved farther away from the center of the nested well,
using identical electrodes to the right of EET in Fig. 2(a).
The decrease in the number of ionized H [Fig. 4(b)]
seems consistent with a quadratic dependence on dis-
tance, showing that the H angular distribution is broader
than the small solid angle subtended by our ionization
well. Isotropic H production and a broad H “beam’ along
the direction of the magnetic field are both consistent
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FIG. 4. (a) The number of field-ionized H atoms increases

with the number of e* in the nested Penning trap of Fig. 2, and
then levels off. (b) This number decreases when the ionization
well is moved away from the nested Penning trap.

213401-3



VOLUME 89, NUMBER 21

PHYSICAL REVIEW LETTERS

18 NOVEMBER 2002

with Fig. 4(b). More study is required to see if the
trajectories of the highly polarizable Rydberg atoms
could be significantly modified by the electric and mag-
netic fields.

To give some idea of how efficiently H atoms are
stripped and detected we use one trial in which eight
AD injection pulses are used to accumulate 148000
cold p, with 430000 cold e* accumulating simultane-
ously. After the positron cooling of the antiprotons we
determine that 66 H atoms have field ionized and left
their p in the ionization well. This means that we observe
about eight H atoms per AD injection pulse, and about
one H atom per 2200 antiprotons in the nested well. (For
comparison, smaller values of about 1/4 and 1/12000
pertain to the very recent implementation of positron
cooling of P in a larger trap using more e* [10], perhaps
because of a higher temperature and a higher background
gas pressure.)

If the H production at ATR AP is isotropic, then the 657
ionized H would represent nearly 170000 cold H. This
would mean that a remarkable 11% of the p in the nested
Penning trap are forming H atoms — comprising a sub-
stantial portion of the large p losses we have been ob-
serving during positron cooling of antiprotons since this
cooling was first observed. (The ionization well covers
only about 1/260 of the total solid angle.)

In conclusion, more H atoms are observed than the sum
of all previously reported, and many more are observed
per high energy p sent to our apparatus, and per p cooled
in our apparatus. H atoms are produced during positron
cooling of antiprotons in a nested Penning trap. Improved
implementations of such cooling will certainly increase
the H production rate. Repeatedly driving p from one
side of the nested well to the other with a resonant radio
frequency drive, for example, yields 720 ionized H atoms
in 1 h [9]. The H signals being observed should allow
optimization of techniques and further rate increases.

The electric field ionization of H, followed by p stor-
age until all p losses cease, allows the detection of H
atoms without any background at all; only H atoms are
observed. The field ionization also gives the first glimpse
of H atomic states, with n roughly between about 43 and
55 here. Changing the ionizing electric field should reveal
a more detailed picture and indicate how difficult it may
be to deexcite H atoms to states that can be trapped and
used for spectroscopic studies. It will be interesting to see
if the highly polarizable Rydberg states could be trapped
in an electric field minimum for some time, but trapping
of H in a magnetic trap superimposed on the Penning
traps for charge particles [23] awaits deexcitation of the
highly magnetized, highly excited states that have been
observed.
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Cold antihydrogen is produced when antiprotons are repeatedly driven into collisions with cold
positrons within a nested Penning trap. Efficient antihydrogen production takes place during many
cycles of positron cooling of antiprotons. A first measurement of a distribution of antihydrogen states is
made using a preionizing electric field between separated production and detection regions. Surviving
antihydrogen is stripped in an ionization well that captures and stores the freed antiproton for

background-free detection.

DOI: 10.1103/PhysRevLett.89.233401

Observations of cold antihydrogen (H) were recently
reported by the ATHENA [1] and ATRAP [2] collabora-
tions. Both used nested Penning traps, proposed [3] and
developed [4,5] to allow oppositely charged antiprotons
(P) and positrons (e™) to interact while confined. Both
observed H production during the positron cooling of
antiprotons in a nested Penning trap, following the ear-
lier ATR AP demonstration [6]. The two experiments dif-
fered sharply in the way that cold H was detected.
ATHENA identified p and e' annihilations within
=8 mm and 5 us as H, subtracting a background (from
P annihilations generating e* e ™) that was larger than the
signal. No information about the H states was provided
[1]. ATRAP used a background-free, field-ionization
method to detect more H in an hour than all other
reported H observations. The first glimpse of H states
was provided insofar as states ionized by electric fields
between 35 and 95 V/cm were detected [2].

More knowledge of H excited state distributions is
required to prepare states that can be trapped and used
for precision spectroscopy. This long term goal [7] re-
mains attractive for greatly improved CPT tests
with baryons and leptons [8] and sensitive tests of exten-
sions to the standard model [9], building on accurate
hydrogen spectroscopy [10]. It may even be possible to
directly observe the gravitational force on cold antimatter
atoms [11].

In this Letter, a measured distribution of H states is
reported for the first time, for H produced at a high rate
by driving p into collisions with cold e™. The H states are
analyzed as they pass through an electric field that is
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varied without changing the separated H production
and detection. The p are resonantly driven through
trapped e*, back and forth from one side of a nested
Penning trap to the other, in a new and efficient H pro-
duction method. H forms during the positron cooling of
antiprotons over many cycles, until most of the trapped p
have formed H or are otherwise lost from the trap. A
higher H production rate, per p coming to our apparatus,
compensates for the reduced detection solid angle caused
by the clean spatial separation of production and de-
tection. The high rate and observed Rydberg states are
what is expected for a three-body recombination mecha-
nism [3,12,13].

The apparatus and many techniques are similar to
those ATRAP used to first demonstrate positron cooling
of antiprotons in a nested Penning trap [6], and to observe
the cold H produced during this cooling [2]. AB = 54T
magnetic field from a superconducting solenoid is di-
rected along the symmetry axis of a stack of gold-plated
copper rings (Fig. 1). Applied voltages form Penning
traps [Figs. 2(a) and 2(b)] that confine the p, e¢~, and
e*, and control their interactions. The electrodes and
surrounding vacuum enclosure are cooled to 4.2 K via
thermal contact to liquid helium. Cryopumping reduces
the pressure within the trap to less than 5 X 1077 Torr, as
measured in a similar apparatus using the lifetime of
trapped p as a gauge [14].

Antiprotons from CERN’s Antiproton Decelerator
(AD) are slowed, trapped, electron cooled, and stacked
[8,15] in the volume below the rotatable electrode. Above,
positrons from a ?*Na source slow and form Rydberg

© 2002 The American Physical Society 233401-1
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FIG. 1. Antiprotons are loaded from below (left), into the
trap electrodes below the rotatable electrode. Positrons are
simultaneously loaded from above (right) into the electrodes
above the rotatable electrode. H formation is observed within
the region detailed in Fig. 2.

positronium atoms that are then ionized to accumulate e™
[16], at the same time as the p accumulate.

The nested Penning trap [3—6] is central to H produc-
tion [Figs. 2(a) and 2(b)], as it was for the two earlier
experiments [1,2]. The e™ are in an inverted well at the
center of a larger well for p, to allow e* and P to be
confined and interact despite their opposite charge signs.
For these studies, typically 300000 cold e* are located
in the center well (within electrode T7). Typically
200000 p are either divided between the two sides of
the nested Penning trap (within T6 and T8) or placed in
one side well.

The ionization and normalization wells [Figs. 2(a)—
2(c)], to the right and left of the nested Penning trap,
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FIG. 2. Trap electrodes (a). Two values of the potential (b)
and electric field magnitude (c) on axis. In a one-hour trial, 718
P from H are captured in the ionization well (d).
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are carefully constructed to prevent p not bound in H
from being captured. A p heated out of the nested Pen-
ning trap will escape over the normalization well, unless
there is a mechanism to lower the p energy within this
well. To make capture harder the potential on the left of
this well is lower by 3 V (on axis) than that on its right
side. Getting a p into the ionization well not only requires
an energy loss within the well, but also requires that the p
climb a substantial potential barrier. Positron cooling
keeps the p from being heated and thus makes it less
likely that 7 will be able to pass through the ionization
and normalization wells when e™ are in the nested well.

Electric fields within the ionization and normalization
wells can ionize H passing through, leaving freed p in
one of these wells. Figure 2(c) shows the electric field on
the trap axis; in the critical state-analysis region, it varies
by only about 10% off the axis. Numerical modeling of H
trajectories shows that p in the ionization well come from
H stripped by fields between 25 and 150 V/cm, while p
in the normalization well come from H stripped by fields
between 35 and 140 V/cm.

H state analysis, a central feature of this work, is done
by varying the potential offset between the nested well
and the ionization well. This varies the state-analyzing
field that H encounter on their way to the ionization well,
as illustrated by two examples in Fig. 2(c). Any H
stripped by this field is unable to deposit its p in the
ionization well, causing the measured number N of p in
this well to decrease. (The stripping field in this well is
stronger than are the state-analysis fields.) The number
N,orm Of P from H ionization in the normalization well
provides a normalization.

Crucial radiofrequency drive potentials applied alter-
natively to electrodes T6 or T8 [Fig. 2(a)] drive p between
the sides of the nested Penning trap. During each cycle,
positron cooling allows the p to settle into the opposite,
undriven side well of the nested Penning trap, and some
form H during this cooling. Because the p are not exactly
positioned at the center of these electrodes, their symme-
try does not prevent driving p axial motion.

The 825 kHz frequency of a 1 V peak-to-peak drive is
chosen to resonate with the calculated axial bounce fre-
quency (Fig. 3) for p oscillating along the magnetic field
direction near the axis and near the bottom of either side
of the nested well. The axial bounce frequency depends on
P energy, here referenced to the potential energy of a p at
the center of the nested Penning trap. This frequency
discontinuously halves as the p are excited out of a side
well into the wider region of the nested Penning trap. The
P interact with the et when the p energy is between zero
and —0.2 eV, the latter due to the slightly negative space
charge energy of the e*. Some optimization of the drive
frequency and amplitude was done, but most of a large
parameter space remains to be explored. (Another option
we have used, though not for this data sample, is noise
broadening the drive’s frequency spectrum.)
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FIG. 3. Axial bounce frequency for p oscillating along the
magnetic field direction in the nested Penning trap depends
upon their energy, calculated with respect to their potential
energy on axis at the center of the nested well. The chosen drive
frequency is indicated.

We alternately drive p in one side then the other of the
nested well for 10 s, with 5 s between, up to 25 times.
Figure 4 shows what our detectors indicate is radial p loss
from the trap. Typically we transfer most p from one side
to the other, though asymmetries make it common for a
constant remnant of a few ten thousands of p to remain in
one side well during the whole sequence. The drive cycle
timing was not optimized.

To detect p deposited in the ionization and normaliza-
tion wells from H ionization, we ramp down these poten-
tial wells in 20 ms, after the driving and associated
particle loss are over. Ejected p annihilate upon striking
electrodes, generating pions and other charged particles
that produce light pulses in surrounding scintillators. The
ramp is fast enough that the 1.2 s™! cosmic ray back-
ground contributes a count in our window only 1 time in
50—essentially no background at all. Our experimentally
calibrated detection efficiency [17] corresponds to 1 in 2.7
of the stored p producing a coincidence signal in sur-
rounding scintillators. Figure 2(d) represents 718 p cap-
tured in an ionization well from H ionization in a single,
one-hour trial. Without e* in the nested well, no p from H
ionization are detected in the ionization well.

The observed H production rate, per p and per detec-
tion solid angle, is up to a factor of 12 greater than that
observed using one-time positron cooling of antiprotons
[2]. The H rate seems very sensitive to the number of ™ in
the nested well, unlike what was observed for the one-
time cooling. This makes some sense insofar as the driv-
ing process continually heats the p and hence the e* they
collide with. More e® would transfer this heat more

e) T T T
5

g 2000 ¢ OT8—~T6 |
5 1000 | NHN\ Ome—=T8 ]
2 AR

2 o | ! [\I\J\J\J\h\[\«.r\fl\kf\,\f\u\
<]

e 0 100 200 300 400

time in seconds

FIG. 4. Antiprotons lost while being driven from one side of
the nested Penning trap to the other.
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rapidly into synchrotron radiation, and increase p and
e overlap. Here much parameter space also remains to be
explored. We presume that the H are cold, insofar as the H
is likely made after very effective positron cooling of p,
but this must also be checked.

The first measured distribution of H states is displayed
in Fig. 5(a). The ratio (R), of the number of p from H
stripped in the ionization well (N) to the corresponding
number in the normalization well (N,,.,), is plotted as a
function of the state-analysis field (F). The number of H
that survive this field decreases linearly until consistent
with zero. The error bars prevent seeing curvature near
this point, so we use a simple linear dependence going to
zero to explore principal features. Thus dR/dF [Fig. 5(b)]
is constant up to a cutoff. As many H states are ionized
by fields between 30 and 35 V/cm as between 55 and
60 V/cm, for example. No observed H states require a
stripping field greater than 62 V/cm.

It would be more satisfying to characterize the distri-
bution of H excited states by their principle quantum
number n, rather than by the electric field that strips
them. The first difficulty is that n is not a good quantum
number in the strong B = 5.4 T field, though we still use
n as a rough parametrization of binding energy, using
E = —13.6 eV/n?. Tonization likely takes place in the
direction of B [18], giving some hope that it may not be
strongly modified by B, but this must be investigated.

The second difficulty is that the type of Rydberg states
formed determines the electric field that will ionize them,
even in the absence of any magnetic field [19-21]. The
field that strips a Rydberg atom entering it with principal
quantum number 7 is given (in atomic units) by

1.6 |
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FIG. 5 (color online). (a) The ratio of ionized H in ionization
and normalization wells decreases linearly with state-analysis
electric field F. (b) Distribution dR/dF is flat up to a cutoff.
(c) The distribution dR/dn ~ n~> depends upon the choice of A
used in Eq. (1) to relate F and n.
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This form and the flat distribution of Fig. 5(b) indicate
that the shape of the n distribution goes as dR/dn ~ n™>.

Several examples of dR/dn are shown in Fig. 5(c) since
the appropriate A for three-body recombination in a
strong B field is not known. The classical “‘saddle point”
formula, used to give some interpretation of the H pro-
duced in our one-time positron cooling of antiprotons [2],
has A =1 and gives the lowest n distribution with
n = 48. Some calculations [19,21] and hydrogen mea-
surements [20] (all unfortunately for B = 0) give A values
ranging between red and blue Stark-shifted values of
A = 1.8 and 3.6, with a weak n dependence in some cases
[19]. This latter value is also close to that for circular
Rydberg states in parallel electric and magnetic fields
[18]. The dashed distribution midway between the ex-
tremes with A = 2.7 gives n = 65, and the range of
possibilities suggests that these n values are uncertain
by at least =10%. Calculations of the H states produced
in three-body recombination, and their ionization, are
clearly needed to complete the interpretation of the mea-
sured distribution of H states.

Finally, further enhancements of H production seem
likely with optimizations and variations on our method of
arranging for many cycles of positron cooling of anti-
protons. One variation would be to simultaneously drive p
on both sides of the nested Penning trap. Another would
be to lift p from the bottom of the nested well in a
potential “bucket” for launching back into the nested
Penning trap.

In conclusion, the observed H production per p in-
jected into the ATRAP apparatus is encouragingly high
when P are driven into collisions with cold e in a nested
Penning trap. The distribution of H states has been mea-
sured for the first time with an analyzing electric field in a
separate region between where the H are produced and
detected. The observed distribution dR/dF is constant as
a function of the state-analysis field, up to cutoff, and
implications for the distribution in principal quantum
number are explored. The Rydberg states and high pro-
duction rate are consistent with a three-body recombina-
tion mechanism [3,12,13].

The high H production rate suggests the possibility to
devise a way to deexcite Rydberg atoms with a range of
binding energies and still get enough atoms for trapping
and spectroscopy. Some temporary confinement of these
highly polarizable states may be possible, but conven-
tional trapping awaits deexcitation to the ground state,
whereupon a goal is to superimpose a magnetic trap for H
with the Penning traps needed for its p and e* ingre-
dients [22].
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The speed of antihydrogen atoms is deduced from the fraction that passes through an oscillating
electric field without ionizing. The weakly bound atoms used for this first demonstration travel about 20
times more rapidly than the average thermal speed of the antiprotons from which they form, if these are
in thermal equilibrium with their 4.2 K container. The method should be applicable to much more
deeply bound states, which may well be moving more slowly, and should aid the quest to lower the speed
of the atoms as required if they are to be trapped for precise spectroscopy.

DOI: 10.1103/PhysRevLett.93.073401

When the goal of producing “cold” antihydrogen (H)
was laid out long ago [1], the objective was H atoms that
were cold enough to be confined in a neutral particle trap
for precise spectroscopy and gravitation studies. This
stringent definition of ““cold” requires H energies signifi-
cantly below the 0.5 K depth of superconducting mag-
netic traps, when these are placed in the ~ 1 Tesla bias
field needed to confine the antiprotons (p) and positrons
(e™) for H production.

Antihydrogen produced during the positron cooling of
antiprotons [2] in a nested Penning trap [3] was called
“cold” antihydrogen in reports of its observation [4—6].
However, no H energy, velocity, or temperature was ac-
tually measured. The observed atoms were clearly cold
compared to H moving at nearly the speed of light [7,8].
Almost certainly the H energy was less than the tens of
eV well depths of the potential wells used to confine the p
and e™ from which the H were formed. It was naturally
hoped that the H were in thermal equilibrium with the
4.2 K [5,6] or 15K [4] temperature of the electrodes
confining the p and e™.

In this Letter we report the first measurement of the
velocity of H atoms. The change in H transmission effi-
ciency through an oscillating electric field is measured as
a function of the field’s oscillation frequency. ATRAP’s
background-free field ionization detection method [5]
registers only H that reach the detection well intact.
Atoms moving slowly enough will never make it through
the electric field without being ionized. Faster atoms are
sometimes able to pass while the oscillating field is too
weak to ionize them, depending upon the phase of the
field. In this first demonstration we deduce that the most
weakly bound H that we detect have an energy that is
about 200 meV, a speed that is about 20 times higher than

073401-1 0031-9007/04 /93(7)/073401(4)$22.50
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an average thermal speed at 4.2 K. More deeply bound H
observed to survive a 360 V/cm electric field may move
more slowly; this method should make it possible to
check, though the measurements will take much more
time than has been available so far. No attempt has yet
been made to minimize the p driving forces that bring p
and e* into repeated contact [6].

The ATRAP apparatus is represented in Fig. 1, with a
cross section of the crucial volume in Fig. 2(a). In prepa-
ration for H production, typically 2 X 10° p from
CERN’s Antiproton Decelerator are accumulated for
this demonstration. The well-established techniques for
slowing, trapping, cooling, and stacking [9,10] are now
used in all H experiments. The p cool by collisions to
equilibrium with trapped, 4.2 K electrons. (The electrons

et accumu@tion
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FIG. 1. Antiprotons are loaded from below (left), into the
trap electrodes below the rotatable electrode. Positrons are
simultaneously loaded from above (right) into the electrodes
above the rotatable electrode.
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FIG. 2. Cross section of trap electrode (a), potential on axis
(b) and the magnitude of the axial electric field on axis (c) and
3 mm off axis (d). Solid curves are the static potentials and
axial electric fields magnitudes. Dashed and dotted curves
show the maximum variation of these when the oscillating
potential is added.

cool via synchrotron radiation to thermal equilibrium
with the 4.2 K trap electrodes.) The p are then positioned
in the side wells of a nested Penning trap [Fig. 2(b)] by
manipulating the potentials applied to the vertical stack
of ring electrodes. A magnetic field, Bz with B=52T
is parallel to trap axis. Typically 4 X 103¢™ are accumu-
lated at the same time as the p [11]. They are then posi-
tioned in the center of the nested Penning trap [Fig. 2(b)],
between the side wells for antiprotons. Like the electrons
they cool to 4.2 K by radiating synchrotron radiation.

H atoms are produced near the center of the nested
Penning trap, at the location of electrode T7 as indicated
by “H ” in Fig. 2(a). H atoms are produced when the p are
driven from one side well [Fig. 2(b)], by a radiofrequency
driving force, through the e* [6]. The p that do not form
H get more chances when they are driven back and forth
from one well to the other. The drives give p velocities
along the axis of the trap, either in the direction of the
normalization well or in the direction of the detection
trap. (Likely such weakly driven H production can pro-
duce slower atoms than those produced by injecting
higher energy p into a nested Penning trap for cooling
[4,5].) If an H is formed before the e* completely cool the
P, then the H will have a residual axial velocity that is
larger than the average thermal velocity of the p at the
4.2 K temperature of the e* awaiting H production.

Atoms traveling in the —Z direction travel along the
magnetic field axis to the normalization well [Fig. 2(b)].
No potentials or fields are varied along this trajectory.
The H ionized by the strong electric fields in this well
[Figs. 2(c) and 2(d)] leave their p in the well for back-
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and the p annihilations are detected in surrounding
scintillators. We use this count to normalize all other H
measurements, thereby reducing the effect of variations
in the H production due to slightly different numbers of
pande”.

Atoms traveling in the Z direction will be similarly
counted in the detection well [Fig. 2(d)] if they are not
ionized by the electric field they pass through on their
way to this well. An atom will ionize if the magnitude of
the axial electric field it encounters along its trajectory
exceeds a value F which is directly related to the size of
its internal orbit [12]. The field along an H trajectory
always has a static component F,.(p, z)Z, and we can
add a time varying axial field F,.(p, z) cos(wt + ¢)Z.

While we can only measure the number of H atoms that
travel into the very small solid angle of our detection
well, a simple example gives clear evidence that driven H
production sends H preferentially directed along the mag-
netic field axis, =Z. From 4.5 X 10° ¢* and 2.9 X 10° D
we detect 7.6 X 10° H in the detection and normalization
wells. Since the combined solid angle of the detection and
normalization wells is less than 477/100, the H production
cannot be isotropic since several times more p would be
required than the number available.

A measurement of the H velocity is very simple in
principle. With the oscillating field turned off, the ratio
of H atoms ionized in the detection and normalization
wells is obtained (open square in Fig. 3). This point has no
frequency associated with it, but is plotted on the same
vertical scale as the other points on the graph. These come
from measurements with the oscillating field turned on,
for different values of oscillation frequency w/(27) (solid
points in Fig. 3). The fraction of H atoms detected de-
creases as w increases. As w increases, fewer atoms travel
quickly enough through the oscillating field to avoid
ionization, and fewer atoms are thus detected. The H
atoms are produced under the same conditions for each
measurement, and the count from the detection well is
normalized as discussed above. Electric field gradients
can change the speed of a highly excited and polarizable
H atom, but this is a small affect here since the preioniz-
ing field is relatively spatially uniform [12].

The vertical scale for Fig. 3 is chosen so that the
measurement with no oscillating field is consistent with
1, and so that the measured w — 0 limit of the oscillating
field measurements is consistent with 0.62. The latter is
the fraction of the time that the magnitude of the oscil-
lating electric field, along the trajectory of an H traveling
to the detection well, is less than the maximum static field
along this path. In this limit 0.62 of all the H traveling to
the detection well should thus not be ionized by the
oscillating field.

To interpret our measurements quantitatively we consi-
der the N(p, v, F)dpdvdF antihydrogen atoms produced
at z=0 and ¢ = 0, at a radius between p and p + dp,
with an axial velocity between v and v + dv, and which
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FIG. 3 (color online). The fraction of the H atoms detected in
the detection well decreases as the frequency w/(27) of the
oscillating electric field is increased (solid points). More atoms
are detected when there is no oscillating field (open square).
This point is plotted on the same scale as the others but it has
no frequency associated with it. The measured points are
compared to a simple model discussed in the text; the solid
curves apply when the oscillating electric field is applied, and
the dashed curve when it is not.

are in a state that will be ionized by an axial electric field
between F and F + dF.

When no time varying electric field is applied, the H
atoms on their way to the detection well experience an
axial electric field Fu.(p,z = vt). Figure 2 shows
Fu.(p,z) for p =0 (c) and p = 3 mm (d), along with
the corresponding values F;(p =0) =34 V/cm and
Fi(p =3 mm) = 45 V/cm. The number of detected H
is thus

Pmax 0 Fnax(p)
N, =] dpj dv/ dFN(p,v, F). (1)
0 0 Fi(p)

Detected atoms are those that ionize between F(p) and
Fmax(p), the maximum values of F,.(p, z) that they en-
counter before and within the detection well, respectively.

When the alternating axial electric field, F,.(p, z) X
cos(wt + ¢), is applied the H atoms traveling towards
the detection well encounter a net axial field

F(p,z, 0/v, ¢) = Fu(p,2) + Foe(p, 2) cos(% + ¢),
2

where we must later average over all phases ¢. The
number of detected H is

max Y 2 d Fm([)(()
N = [p dpf (1vj77—(;l5 ? dFN(p, v, F).
0 0 0 27 JFpw/v.g)

3)

The limit F,(p, w/v, ¢) is the maximum axial field
magnitude (i.e., the maximum |F(p, z, w/v, ¢)|) that an
H sees at any z before the detection well begins.

We make the simplest assumption—that the H are
produced uniformly out to a radius p,, = 3 mm—ap-
proximately the measured extent of our e* plasma [13].
(Later we show that we are not very sensitive to this
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assumption.) We also assume the measured power law
dependence N ~ F~3 [14]. Finally we assume that the H
have a velocity v,2, since we expect that driven H pro-
duction produces atoms traveling along the magnetic field
direction. We would expect the same result for any veloc-
ity spread that is narrow compared to the average velocity.
Thus

v—uv,)F 3 4)

The solid curves in Fig. 3 show the fraction of H atoms
that should be detected when the oscillating electric field
is turned on, for various values of the H kinetic energy
IMv2, where M is the H mass.

An H kinetic energy of 200 meV is a good fit to our
measurements (2400 K in temperature units). This con-
clusion is rather insensitive to our assumptions. For ex-
ample, if we had assumed that all the H was produced on
the central axis, then we would have concluded that the H
velocity was about 100 meV. If we had instead assumed
that all the H was produced 4 mm off axis, then we would
have concluded that the H velocity was 300 meV. A
200 meV H velocity is much higher than the 0.3 meV
average energy for a 4.2 K thermal distribution—the
lowest possible average p and H energy. Even the
1 meV curve in Fig. 3 is far from consistent with our data.

An electric field gradient 9F,/dz exerts a force on a
highly polarizable H [12]

2.3 2
7= 26 p i I[F.(2) ]' 5
r,m,c 0z

Here e is the proton charge, p is the radial size of the H
atom, r, is the classical electron radius, and mec2 is the
electron rest energy. For fields nearly strong enough to
ionize the atom the force increases beyond this value. We
use the overestimates F, = 100 V/cm and a gradient
dF./dz = 100 V/cm? applied over 1 cm, together with
the size p = 0.3 um of the largest atom that survives
F;. =40 V/cm. The resulting force would change the
velocity of a 200 meV H by less than a percent, justifying
the neglect of the gradient force on a polarized H in this
work. For lower H speeds more care must be taken.

For a p traveling in the Z direction through the e*
plasma, one p speed that seems important is the one that
equals the average axial speed of the e™ that are going in
the same direction as the p. For 4.2 K e* this corresponds
to a p energy of 210 meV. This is close to what we mea-
sure, likely by coincidence given the approximate char-
acter of the estimate. One might expect increased H
production at this p energy, but this depends in a compli-
cated way upon how quickly the p are being cooled by the
e*. A recombination rate that depends upon the relative
velocity of the p and e* will become insensitive to p
energies below this value, since the relative velocity will
be determined by the e* velocity.
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Another important speed is
v, = n,(mb*)v, L. (6)

This p speed would allow just enough time in the L =
1 mm thick e* plasma for there to be a deexcitation
collision [15] between the e* initially picked up by the
P and another e™ in the plasma on average. The expected
et-e™ collision rate should be of order n,(7wb?*)v, where
n, = 1.6 X 10’ /cm? is the e* density and v, is the aver-
age thermal speed fora et at T, = 4.2 K. The distance of
closest approach b comes from equating the potential en-
ergy (4me,)”'e?/b and the thermal energy kT,. The cor-
responding p energy, and hence the H energy, is
460 meV—Iarger than we observe. The cross section
used is only an estimate, of course, and the et may be
heated some by the p. Notice that v, = neLT;3/2, sug-
gesting that a e* plasma with a lower density, a shorter
length and a higher temperature will produce H with
lower velocities.

The relatively high velocities that we observe may also
be related to the fact that this first demonstration experi-
ment measures only the speed of the most weakly bound
H states, which may have had less cooling time. Because
the number of H atoms detected goes down steeply as the
strength of the ionization field F is increased, as F 3 [14],
the H atoms that we detect are essentially all atoms which
will ionize just above the maximum static electric field
[F(p)] in the region before the detection well.

More deeply bound H states may well have much lower
velocities if these arise because of more collisions of the
H with e in the plasma. It should be possible to use this
new technique to measure the velocity of more deeply
bound states. The experiment is simple in principle. The
deeply bound states can be selected by raising the maxi-
mum value F;(p) of the static electric field F;.(p, z). The
challenge in practice is that the number of deeply bound
states observed goes down inversely as the cube of this
field value, greatly increasing the time required to accu-
mulate data.

In conclusion, a new method makes it possible to mea-
sure the speed of slow H atoms for the first time. For the
most weakly bound states, our measurements fit well to a
200 meV H energy. This is close to the estimated
210 meV H energy below which the H formation rate no
longer increases. It is lower than the 460 meV energy that
is estimated to allow a deexcitation collision between the
etinanHandae" inthe surrounding plasma on average.
It is higher than the lowest possible energy, the 0.3 meV
average energy of a 4.2 K thermal distribution of H.

The new method should reveal how the H velocity
depends upon the strength of the driving force, the num-
ber and density of the e™ and p, and upon the binding
energy or size of the H atoms. Slowly lowering the depth
of the center well in the nested Penning trap may produce
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slower H, as may interchanging the position of the e and
P in this trap. The first step towards devising ways to get
the coldest possible H atoms, of course, is a method to
measure the H speed, which is now available.
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Lasers are used for the first time to control the production of antihydrogen (H). Sequential, resonant
charge exchange collisions are involved in a method that is very different than the only other method
used so far—producing slow H during positron cooling of antiprotons in a nested Penning trap. Two
attractive features are that the laser frequencies determine the H binding energy, and that the production
of extremely cold H should be possible in principle—Ilikely close to what is needed for confinement in a

trap, as needed for precise laser spectroscopy.

DOI: 10.1103/PhysRevLett.93.263401

All slow antihydrogen (H) atoms to date have been
produced in the same way—during positron cooling of
antiprotons [1] in a nested Penning trap [2], with the H
detected using two techniques [3—5]. The high production
rate and the observation of highly excited states suggests
that the H is produced by a three body mechanism in-
volving two e® and one p—the expected high-rate for-
mation process at low temperature [2,6,7]. The coldest
possible H are required for the intriguing goal of achiev-
ing H that is cold enough to be trapped for precise
spectroscopic comparisons with hydrogen [8], building
upon highly accurate hydrogen spectroscopy [9,10].
Hopes for three-body formation of H that is colder than
the 200_meV observed in the only H velocity measure-
ment so far [11] remain to be realized.

This Letter reports a very different way to produce H.
Lasers determine the binding energy of H atoms that are
most likely as cold as the p from which they form. The
lasers directly excite Cs atoms to high Rydberg states,
Cs*. Two resonant charge exchange collisions [12],

Cs* +e™ — Ps* + Cs™, €))

Ps*+p—H" +e, 2)

transfer the laser-selected Cs* binding energy to an ex-
cited positronium atom (Ps*) [13] and then to an excited
H*. Both processes have large cross sections because of
the large size of the Cs* and Ps* [14], whereas H formation
using ground state Ps [15] has a rate too small to be
observed. Very slow H are expected because a Ps* trans-
fers little kinetic energy to a p as H forms. The p can be
no colder than 4 K here, but the p could be made much
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colder in principle—using techniques that cooled a
trapped electron to 300 mK [16], for example.

The schematic in Fig. 1 shows three coaxial Penning
traps (yellow regions)—for e* (left), for p (center),
along with an initially empty trap for H detection (right).
Cs from an oven is excited with two lasers. The Cs*
collide with trapped et to form Ps* atoms [Eq. (1)]. A
small fraction of the Ps* collides with trapped p to
produce H* [Eq. (2)]. A small fraction of the H* enters
the detection trap, is ionized by the electric field in this
trap, and deposits P in the trap to be counted later. Three
close traps are realized with potentials [Fig. 3(b)] applied
to cylindrical ring electrodes that are 6 mm long and
12 mm diameter [Figs. 2 and 3(a)]. The close traps max-
imize the solid angles which nonetheless remain small
enough that many more H will be produced than can be
detected.

by LY
TN
o
positron
trang 4 antiproton H
) . = trap detection
Cs H trap
510.7 nm
852.2 nm

‘ Cs
@Cs
\

cesium oven

FIG. 1 (color). Schematic of laser-controlled H production.
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that detect p annihilation at high efficiency [19]. -3 2 R 0 1

Positrons for H formation are transferred into the lo-
cation shown in Figs. 2 and 3 from an upper accumulation
region of the trap apparatus (not shown). In a well-
documented accumulation method [18], e* from a
41 mCi ?*Na source slow in tungsten crystals and produce
a Ps* that field ionize within a e* trap. The trapped e*
radiate synchrotron radiation to come into thermal equi-
librium with their 4 K environment. Their number, 1.4 X
10 on average for these trials, is deduced from the
measured width of the dip that they cause in the noise-
driven resonance of an attached LCR circuit [18].

Our trials use 2.4 X 10° P on average, accumulated
typically in a half hour [19], and then located as shown
in Figs. 2 and 3. They originate in CERN’s unique anti-
proton decelerator (AD). We accumulate p at 4 K after
reducing their energy by a factor of more than 10'°. The
slowing, trapping, cooling, and accumulation techniques
which make this possible for all experiments attempting
to make and study slow H are well documented [19,20].
The number of p is measured by releasing them from the
trap, and counting the annihilation pions with calibrated
scintillators that have near unit efficiencies.

Cs atoms are sent towards the trapped et [Figs. 2 and
3(a)] by heating to 350 K a thermally isolated, 5 mm? Cs
oven within the cryogenic vacuum enclosure for the trap.
One of 16 Cs 65/, states is excited to 6Pz, (M, = +1/2
to M; = +3/2, with M; = —5/2). The transition is satu-
rated with infrared (852.2 nm) light from a diode laser.
About 10 mW is sent into the 4 K vacuum enclosure of the
trap through a 1 mm diameter optical fiber. It illuminates
the Cs beam, reflects from a spherical mirror, again
illuminates the Cs, and about 55% exits the system
through a second fiber. Pulses of green 510.7 nm light
from a copper vapor laser (20 ns duration every 50 ws,
1250 W peak, 0.025 mJ) go through the same fiber and
optics, and excite the Cs from 6P, to a state that would
be 37D (binding energy ~10 meV) with no magnetic
field. The approximately 45% of the light that does not
exit the trap through the second fiber heats the trap

axial position in cm

FIG. 3 (color online). (a) Trap electrode cross section with
particle locations. (b) On-axis potential and electric field used
to confine the e and P, and to ionize and detect H*.

electrode by a couple of degrees during a typical experi-
ment. A small electric field can tune the atoms into
resonance with the fixed-frequency laser.

The Cs* beam enters the trap through a 0.3 mm aper-
ture at the entrance of a 1 mm hole in a trap electrode,
passes through the e® plasma, and leaves through a
second 1 mm hole. The Cs* flux is measured by field
ionizing these atoms and measuring the ionization cur-
rent [13]. The current is proportional to and calibrates the
6P/, to 65/, fluorescence, measured with a photodiode,
whose signal then determines smaller Cs fluxes. Of order
1073 of the Cs atoms are in large Rydberg orbits [13] with
enormous charge exchange cross sections for producing
Ps*. Typically 8 X 10° Cs*/s pass though the trapped e
location for 100 s.

Excited Ps* form when e capture e~ from Cs*
[Eq. (1)]. The Ps* formed in such resonant charge ex-
change collisions have approximately the ~10 meV bind-
ing energy of the Cs*, as initially determined by the laser
frequencies. An initial study [13] revealed an enormous
cross section estimated to be 8 X 107!° cm? —the area of
a disc with a radius of nearly 0.2 um-—and approxi-
mately one in four of the trapped et formed Ps* [13]
assuming that the Ps* distribution was isotropic. The Ps*
production also saturated when Cs* passed through the e ™
plasma for about 35 s, a time that should be much shorter
here because of a much higher Cs* flux.

To minimize possible p heating the potential wells
(Fig. 3) ensure that any Cs™ ion with enough energy to
escape the e well will make no more than one pass back
and forth through the p before escaping to the right in
Fig. 3. This precaution halves the number of H we detect.
We must forgo a second detection trap to the right of the
et well in Fig. 3(b) since Cs™ could be confined between

+

263401-2



PRL 93, 263401 (2004)

PHYSICAL REVIEW

week ending

LETTERS 31 DECEMBER 2004

the potentials of two detection traps and make many
passes through the p.

Ps* that enter the small solid angle presented by the
trapped p can collide with the p to form H* with essen-
tially the ~10 meV binding energy of the Cs*, via the
second resonant charge exchange [Eq. (2)]. The large size
of the Ps* ensures a large (though yet unknown for a
strong B) cross section, but a large fraction of Ps* still go
through the e plasma without forming H*.

The effective solid angle for H* to be detected in the
detection trap is also very small. The axial electric field
exceeds 400 V/cm for all radii in the detection trap, more
than enough to ionize the H* which should ionize by about
200 V/cm. The ionized H deposit their p in this trap to be
counted later. This electric field is also more than enough
to ionize Ps* which arrive at the detection trap, and we
can observe electrons that ionized Ps* deposit in this
same trap. These electrons cool p captured from H*
ionization to the bottom of the detection trap well. The
electric field is so strong off the axis in the detection trap
region that it can ionize H* before they enter the potential
well of the detection trap. There is also a large radial
component of the electric field off axis, whose effect upon
H ionization is not well understood. These two effects
prevent the detection of H that are more than some 3 to
5 mm away from the trap axis, but this radius and hence
the effective detection solid angle is not precisely known.

To calibrate the detection time window we place P in
the detection trap, then reduce the well depth through
zero [solid curve in Fig. 4(b)] while counting p annihi-
lations in scintillation detectors that surround the trap.
The right edge of the peak in the histogram in Fig. 4(b) is
used to select a 700 us time window that contains anni-
hilation signals from p released from the very bottom of
the detection trap.

The P captured from H are released in the same way. A
count in Fig. 4(a) indicates a coincidence of signals from
at least two scintillating fibers, from different layers of a
three layer fiber hodoscope, located just outside the trap’s
vacuum enclosure. When we sum 6 trials, 13 counts in the
expected channel form a peak. This corresponds to 14 H
ionized in the detection trap when the 94 = 6% detection

(a) two-fiber detection

E 10 ionized H
£ 5 (average background signal

2 rate is 2.2/ 40 ms)

o

0
8000

e calibrated ] 200
ko] : signal %
§ 4000 fdetection well depth channel 1 0 S
] antiproton calibration
© 0 P -200
0 10 20 30 40
time (ms)

FIG. 4 (color online). (a) Antihydrogen detected (peak) as
the potential well containing the ionized H is ramped down. (b)
P annihilation signals (histogram and left axis) as the axial
well depth is reduced through zero (solid curve and right axis).

efficiency is factored in. The detection efficiency is mea-
sured in situ by slowly ejecting p from the trap and
comparing the number of annihilations detected in coin-
cidences between fibers in the hodoscope and a double
layer of scintillators that surrounds the trap, outside of the
superconducting solenoid and its Dewar.

On average 2.2 background counts are expected in the
40 ms width of Fig. 4(a), and we see 3 counts outside of
the peak. Statistically there is about a 4% chance that a
background count is in the peak. The 3 counts outside the
peak are not present in a coincidence of the described
signals and the signals from large plastic scintillators that
surrounds the superconducting solenoid around our trap.
About half the counts in the peak survive this background
free detection, as expected.

Owing to small solid angles and few trials, only 14 = 4
H are detected in this proof-of-principle experiment.
However, these correspond to between 100 to 200 H
produced if the production is isotropic (with uncertainty
coming from the mentioned uncertainty in the effective
detection solid angle). Moreover, more atoms are ex-
pected for larger numbers of p and e*. This demonstra-
tion came in several hours at the end of the 2003 p run at
the CERN AD so the method has yet to be optimized.

The most convincing evidence that the counts in
Fig. 4(a) are from H atoms is that the potential wells
[Fig. 3(b)] are carefully arranged so that the only way
to get a p in the detection trap is by ionizing an H within
it, as discussed [4]. If a p does manage to escape its trap
and pass through the detection trap, it cannot be captured
unless a collision within this well lowers the p energy by
more than an €V. This is the amount that the left side of
the detection well is kept lower than the right in Fig. 3(b)
(though the offset is too small to see in the figure). No
counts are observed in the signal channel for two trials
with the red laser detuned (so that only ground state Cs
and no Cs* pass through the trapped e*), nor for two
trials without trapped e*.

The lowest possible H velocities and temperatures are
required if H atoms are to be confined in 0.5 K deep
magnetic traps. A very important feature of this new H
production mechanism is that it seems likely to produce
H* with the velocity distribution of the trapped p from
which they form. Measuring the H* velocity distribution
(using the demonstrated oscillating field method [11], or
perhaps by correlating pulsed laser and H detection tim-
ing) requires more atoms than detected so far. The current
P velocity distribution is determined initially by the 4 K
electrons that cool the p, which are then moved into the
desired location. Subsequent p collisions with the much
lower mass Ps* should not substantially change the ve-
locity of the p when these collide to form H*. Dilution
refrigerator and feedback cooling methods to cool a
trapped electron below several hundred mK [16] could
likely be adapted to trapped p .

The strong 5.3 T magnetic field is an essential part of
the three traps, but it also complicates this experiment
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and its theoretical interpretation. First, exciting the Cs
atoms from the 6P, state to the Rydberg state requires
empirically varying an electric field to tune the atoms
into resonance with the fixed-frequency copper vapor
laser since the states have not been calculated. Second,
internal orbits of both the Cs* and H* atoms formed are
significantly modified by B since the magnetic force is
comparable to the Coulomb force. Third, the binding
energies of Rydberg atoms moving across a strong mag-
netic field are not even conserved, but are instead coupled
to the center of mass energy of the atoms [21]. A calcu-
lation of this double charge exchange process which
neglects the magnetic field [12] gives a guide about
what to expect, but a formation calculation that includes
the crucial role of the magnetic field is needed.

Which of the two H production methods is more useful
in producing extremely cold, ground state H that can be
trapped for precise spectroscopic comparisons with hy-
drogen and for gravitational studies? Laser-controlled
charge exchange has the advantages of naturally produc-
ing both colder atoms and a much narrower, laser-
selected distribution of excited states. However, a method
to deexcite them to the ground state has yet to be dem-
onstrated. H produced during e* cooling of p in a nested
Penning trap produces atoms more easily and at a much
higher rate, and it may be possible to collisionally deex-
cite them. However, now that the velocity of these H* can
be measured [11], it remains to be seen if ATRAP’s
method for driving H production [5] or some variant
can produce very cold atoms as hoped. Other production
methods, such as using a CO, laser to stimulate H for-
mation in a trap [2], are yet to be tried. The best method
for producing useful H is not yet clear.

In conclusion, this proof-of-principle experiment dem-
onstrates the first laser-controlled H production. The
atoms revealed by essentially back-ground-free detection
are a small fraction of what is produced because the
detection solid angle and the number of trials are small.
Many more H are expected when more e™ and p are used,
and when the method is optimized. The produced H are
expected to have the velocity distribution of the p from
which they form, which can be made extremely low in
principle. If measurements confirm a low H energy, and if
the highly excited states can be deexcited, this laser-
controlled charge exchange method could become the
method of choice for producing cold H to be trapped for
precise spectroscopic comparisons with hydrogen to test
fundamental symmetries.
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